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In the past decades, molecule-based magnets, which consist of organic or inorganic, 
and/or their hybrid molecules, have attracted a great deal of attention in the field of 
materials sciences because of their interesting magnetic behavior different from 
atom-based magnets composed of metals (Fe, Co, Ni etc) or metal oxides (CrO2 etc). In 
atom-based magnets, the unpaired electrons spins reside on metal atoms in d or f 
orbitals. On the other hand, in molecule-based magnets, the unpaired electrons may 
reside in d or f orbitals on isolated metal atoms, but may also reside in highly localized s 
and p orbitals as well on organic radicals or radical ions. Molecule-based magnets can 
be prepared via conventional chemical synthesis that enables a chemical tailoring of the 
molecular building blocks to tune the magnetic properties. Molecule-based magnets 
have typical properties of low density, transparency, and electrical insulation. 
Importantly, a suitable molecular design in molecule-based magnets allows to combine 
magnetic properties with other molecular functions such as photo-responsiveness and 
electrical conductivity. Essentially all of the common magnetic phenomena associated 
with conventional metal magnets can be found in molecule-based magnets. 
As described later, we usually design magnetic materials by considering tight 
magnetic interactions between molecular spins. Sometimes they show magnetic phase 
transition(s) to give molecule-based magnets but in many cases not. As a matter of fact, 
magnets are spin-ordered state that requires a phase transition. However, the occurrence 
of phase transition is usually difficult to predict. So far, a wide variety of magnetic 
materials have been prepared and investigated. Only a few of them undergo phase 
transition to become molecule-based magnets. The magnets are classified by their 
spin-ordered states; antiferromagnets,1-13 ferromagnets14-22 (Figure 1-1), 
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Figure 1-3. Molecule-based weak ferromagnets.  
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In molecule-based magnets, we employ organic compounds with electronic spins 
(stable radical or polyradicals, radical ions) and/or magnetic metals (or their complexes) 
as spin-building blocks. These spin-possessing components may be arranged or 
assembled in a regular manner in a crystal by using various intermolecular interactions, 
such as hydrogen bond, coordination bond, Coulombic interaction, and charge transfer 
interaction etc. It should be noted that these intermolecular interactions have a role for 
the crystal engineering to arrange the spin-building blocks and they are essentially 
independent of the magnetic interactions between the molecular spins. Since the 
magnetic interaction is based on the exchange interaction and occurs in through-bond 
and through-space manners, strong magnetic interactions can be expected, in general, 
when the spin centers are close in space in through-bond or through-space manners. 
Ferromagnetic and/or antiferromagnetic interactions are also essentially independent of 
these intermolecular interactions but they are related to the overlap of the magnetic 
orbitals (orbitals of unpaired electrons) at the positions where the molecular spins most 
strongly interact. Therefore, the information of molecular orbital(s) of unpaired 
electron(s) (magnetic orbital) and spin densities are very important to design the 
systems of strong magnetic interactions. So far, various molecular systems to control 
magnetic interactions have been developed; they include i) magnetic metal complexes 
and their assemblies using diamagnetic multidentate ligands, ii) magnetic metals with 
coordinating radicals. The system i) is simple and stable. This system has a 
disadvantage of weak magnetic interaction in the case of long metal-metal distance. 
Interesting magnetic behavior has always been found for the complexes with short 
metal-metal distance in this system; single molecule magnets are categorized in this 
group. The system ii) involves (nitronyl nitroxide)-coordinated magnetic metal chains,24 
or ligand (pyridyl)-substituted nitronyl nitroxide or iminonitroxides.30-32 
In 1990, Yamaguchi theoretically proposed a new approach to magnetic materials 
(ferrimagnetic or ferromagnetic) using radical-substituted radical cation salt with 
spin-possessing counter anion.33 In order to realize such magnetic materials, the related 
experimental studies have been examined using aniline-,34 tetrathiafluvalene (TTF)-,34-36 
and ferrocene-frameworks37 as radical cation precursors (Figure 1-4). However, the 
reported materials have not shown the expected magnetic properties. We have 











































































 Figure 1-4. CT salts composed of radical-substituted radical cations. 
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examined radical-substituted radical cation salts: According to our analysis, the most 
important intermolecular interaction in the radical-substituted radical cation salts is a 
Coulombic interaction between the radical cation and its counter spin-possessing anion. 
These intermolecular ion-pairs would arrange in face-to-face fashion, where relatively 
strong antiferromagnetic interaction ranging between 2J/kB = −100 K and 2J/kB = −1000 
K may be operative. If the magnetic interaction between the substituted radical spin and 
the radical cation spin is weak (for instance, 2J/kB < 10 K), the system may be 
approximated as a radical-substituted large diamagnetic CT salt, where paramagnetic 
behavior would be expected. In fact, paramagnetic behavior has been observed in 
several cases.34 Based on these considerations, a large ferromagnetic (2J/kB > +200 K) 
interaction between the substituted radical and the radical cation seems to be very 
important to prepare the magnetic materials based on the radical-substituted radical 
cations. Sugawara and co-workers have prepared several radical-substituted radical 
cations based on TTF-38-40 and thianthrene-frameworks41 (Figure 1-5), but 
unfortunately their systems were not stable and the intramoleculer interaction could not 
be evaluated. Recently, our group has reported that (nitronyl nitroxide)-substituted 
5,10-diphenyldihydrophenazine radical cation (DPPNN·+, Figure 1-6) has a strong 
intramolecular ferromagnetic interaction (2J/kB ~ +700 K) and high stability under 
aerated conditions.42 To realize the expected magnets, further insight into 
radical-substituted radical cations with a strong intramolecular ferromagnetic interaction 
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Figure 1-6. DPPNN·+.  
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The purpose of this thesis is to develop new organic-inorganic hybrid molecule-based 
magnets composed of radical-substituted radical cations and magnetic metal anions. The 
author has designed and synthesized (nitronyl nitroxide)-substituted 
2,2′:6′,2″:6″,6-trioxytriphenylamine radical cation (TOTNN·+, Scheme 1-1) as a key 
spin-building block of molecule-based magnets. TOTNN·+ was shown to be an 
excellent spin-building block and the salt with combination of FeCl4 anions exhibited a 
ferrimagnetic phase transition. 
This thesis contains the following three subjects: Chapter 2: syntheses and magnetic 
properties of dioxy- and dithio-triphenylamine radical cations, which describes that 
dioxytriphenylamine radical cations (DOT·+, Scheme 1-1) are stable and isolable. 
DOT·+ is the first isolated triphenylamine radical cation without p-substituents. 
DOT·+FeX4− (X = Cl, Br) exhibits an antiferromagnetic phase transition; Chapter 3: 
syntheses and magnetic properties of trioxytriphenylamine radical cations, which 
describes that trioxytriphenylamine radical cation (TOT·+, Scheme 1-1) is planar and 
stable. TOT·+ forms a dimeric structure with a strong intermolecular antiferromagnetic 
interaction in crystal. TOT·+FeBr4− shows an antiferromagnetic phase transition; 
Chapter 4: syntheses and magnetic properties of (nitronyl nitroxide)-substituted dioxy- 
and trioxy-triphenylamine radical cations, which describes that (nitronyl 
nitroxide)-substituted trioxytriphenylamine radical cations (TOTNN·+) is stable and has 
strong intramolecular ferromagnetic interaction between nitronyl nitroxide and TOT·+. 
TOTNN·+GaCl4− shows a weak ferromagnetic phase transition, whereas 
TOTNN·+FeCl4− shows a ferrimagnetic phase transition, which provides the first 
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~ Chapter 2 ~ 
Syntheses and magnetic properties of 




In the course of my study to develop radical-substituted radical cations with strong 
intramolecular ferromagnetic interactions (2J/kB ~ +200 K) as spin-building blocks of 
molecule-based magnets, electron donors that have high electron-donating ability and 
provide stable and planar radical cations are required. I have designed 
trioxytriphenylamine TOT and its sulfur analogue TTT as such electron donors. In 
order to obtain the insight into synthetic method and properties of TOT and TTT, I 
have initially investigated syntheses and magnetic properties of dioxytriphenylamine 






























2-2. Synthesis of 2,2′:6′,2″-dioxytriphenylamine (DOT) 
 
The synthesis of 2,2′:6′,2″-dioxytriphenylamine (DOT) is outlined in Scheme 2-1. 
2,6-Dichloro- or 2,6-difluoro-nitrobenzene (3a, 3b) was prepared by sequential 
oxidation of 2,6-dichloro- or 2,6-difluoro-aniline (1a, 1b) using m-chloroperbenzoic 
acid (MCPBA) and peracetic acid according to the known procedure in literature1. The 
compounds 3a or 3b was reacted with 2-bromophenolate that was generated from 
2-bromophenol by the treatment of dimsyl anion to give 4 in good yield (71% from 3a, 
87% from 3b). Reduction of the nitro group of 4 using hydrazine-Pd/C with a 
sacrificing additive, 4-bromophenol, to avoid competitive dehalogenation gave 
compound 5 in 80% yield. The intramolecular cyclization under the Pd(0)-mediated 
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2-3. Synthesis of 2,2′:6′,2″-dithiotriphenylamine (DTT) 
 
2,2′:6′,2″-Dithiotriphenylamine (DTT) was synthesized using similar conditions to 
those for synthesis of DOT (Scheme 2-2). 2-Bromobenzenethiol was treated with a 
dimsyl anion and then reacted with 3a under light shielding condition to avoid 
generation of undesirable by-product (6′) to give the desired product 6 (82%). The 
reduction of the nitro group of 6 afforded compound 7 in good yield (80%). The bromo 
groups were transformed into the iodo groups by heating with CuI and KI in HMPA.2 
Compound 8 was used in the next step without purification. The intramolecular 































































2-4. Molecular structures of DOT and DTT 
 
Single crystals of DOT were obtained by slow evaporation of the solvent (benzene) in 
a small round flask in a bottle containing ethanol. Single crystals of DTT were obtained 
by recrystallization from ethyl acetate. Their structures and crystallographic data are 
shown in Figure 2-1 and Table 2-1, respectively. Both compounds had twisted 
structures because of the steric repulsion of the o-hydrogen atoms. The dihedral angle 
between two edge phenyl rings was larger in the sulfur derivative (43o for DOT, and 62o 
for DTT), which is due to the longer C−S bond (av. 1.74 Å) compared to the C−O bond 























Figure 2-1. ORTEP drawings of DOT (top) and DTT (bottom). Hydr
omitted for clarity. 
 1543.03°62.31°ogen atoms are






























Compound DOT DTT 
Formula C18H11NO2 C18H11NS2 
Formula weight 273.29 305.42 
Crystal color, morphology colorless, prism pale yellow, prism 
Crystal size / mm 0.20 x 0.20 x 0.10 0.40 x 0.30 x 0.15 
Crystal system Orthorhombic Orthorhombic 
Space group Pna21 (#33) P212121 (#19) 
a / Å 7.0441(9) 8.231(2) 
b / Å 9.738(2) 17.792(4) 
c / Å 17.841(3) 19.180(3) 
V / Å3 1223.8(3) 2808.7(10) 
Z value 4 8 
T / K 123 293 
Dcalc / g cm−3 1.483 1.444 
F(000) 568.00 1264.00 
µ / cm−1 0.97 (MoKα) 3.69 (MoKα) 
No. of reflections measured 9378 21298 
No. of unique reflections 1412 3447 
No. of observed reflections 1036 (I > 0.00σ(I)) 3420 (I > 0.00σ(I)) 
No. of variables 190 379 
Reflection/Parameter Ratio 5.45 9.02 
R1 [I > 2.00σ(I)]a 0.050 0.069 
Rwb 0.067c 0.073d 
Goodness-of-fit 1.05 1.05 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b RW = [Σw(|Fo| − |Fc|)2/ΣwFo2]1/2. 
c w = 1 / [0.002Fo2 + 1.000σ 2(Fo) + 0.050] 
d w = 1 / [0.000Fo2 + 2.000σ 2(Fo) + 0.500] 
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2-5. Oxidation potentials of DOT and DTT 
 
The oxidation potentials of DOT and DTT were measured using cyclic voltammetry 
(Table 2-2). DOT showed a reversible oxidation wave at E1/2 = +0.33 V vs. Fc/Fc+, 
suggesting stability of the radical cation DOT·+. On the other hand, the sulfur analogue 
DTT showed an irreversible oxidation wave at Ep = +0.66 V with a shoulder (+0.56 V), 
indicating instability of the radical cation DTT·+. The oxidation potential of DOT was 
lower than that of triphenylamine TPA (Ep = +0.59 V) but higher than that of 
N-phenylphenoxazine MOT (E1/2 = +0.27 V). The peak potential of DTT was higher 
than that of TPA and N-phenylphenothiazine MTT (E1/2 = +0.29 V). These results 
strongly suggest that the smaller dihedral angle between two edge phenyl rings takes an 
important role in the stability of the radical cations. The lower oxidation potential of 
MOT, compared to that of DOT, can also be rationalized by the planar (twisted) 










Table 2-2. Oxidation potentialsa 
DOT; X = O





TPA; X = H, H
MOT; X = O













 Compound E1/2 
DOT +0.33 
DTT +0.66b, c 
TPA +0.59b 
MOT +0.27 





 WitM n-Bu4NClO4 in DMF, V vs. Fc/Fc+ = 0 V
48 V vs. SCE), working electrode: glassy
bon, counter electrode: platinum, reference
ctrode: SCE, scan rate: 50 mV/s. 
k potentials (irreversible step). 
h a shoulder peak at +0.56 V. 17
2-6. Syntheses of thianthrene radical cation salts (TH·+MX4−) 
 
Radical cation salts with MX4− (M = Fe, Ga; X = Cl, Br) have typically been 
synthesized by electrochemical oxidation,4-6 which gives sometimes good single 
crystals but sometimes not. Thus, the electrochemical method is highly 
compound-selective. Furthermore, electrochemical oxidation is generally not suitable 
for a large-scale synthesis. Readily available oxidation reagents composed of stable 
radical cations and MX4− would become a convenient general tool for a large-scale 
synthesis of radical cation MX4− salts. We have found that thianthrenium (TH·+) 
MX4− can be readily synthesized in gram-scale within a short period (a few days) by 
electrochemical method. Importantly, the thianthrenium salts have a sufficiently high 
potential (E1/2ox = +0.66 V vs. Fc/Fc+ for TH)7 to oxidize DOT. From these points of 
view, synthesis of thianthrene radical cation (TH·+) with MX4− was performed using an 
electrochemical galvanostatic oxidation method (I = 1.0 mA) in the presence of 
tetra-n-butylammonium tetrahalogenometalate (TBAMX4) as a supporting electrolyte in 
dry dichloromethane at room temperature under argon (Figure 2-2). TH·+MX4− was 
obtained in 51−64% yield (Scheme 2-3). Thus prepared TH·+MX4− had a high purity 
















































2-7. Syntheses of DOT radical cation salts (DOT·+MX4−) 
 
Chemical oxidation of DOT was performed with TH·+MX4− as an oxidant (Scheme 
2-4) in a glove box. Desired radical cation salts, DOT·+MX4−, were obtained in good 























2-8. Structures and magnetic properties of DOT·+MCl4− 
 
Single crystals of DOT·+MCl4− were obtained from dichloromethane−hexane 
solution; hexane was carefully placed on a dichloromethane solution of DOT·+MCl4− in 
a small round flask. Crystallographic data of DOT·+MCl4− were summarized in Table 





Table 2-3. Crystallographic data of DOT·+MCl4−. ‘‘Reproduced in part with












































 Compound DOT·+FeCl4− DOT·+GaCl4− 
Formula C18H11Cl4FeNO2 C18H11Cl4GaNO2 
ormula weight 470.95 484.82 
l color, morphology deep green, block deep green, block 
ystal size / mm 0.30 x 0.30 x 0.15 0.28 x 0.20 x 0.12 
rystal system Monoclinic Monoclinic 
Space group P21/c (#14) P21/c (#14) 
a / Å 9.9281(19) 9.937(2) 
b / Å 13.089(2) 13.082(3) 
c / Å 15.659(3) 15.677(4) 
β / degree 112.120(4) 112.065(4) 
V / Å3 1885.1(6) 1888.8(7) 
Z value 4 4 
T / K 113 113 
Dcalc / g cm−3 1.659 1.705 
F(000) 944.00 964.00 
µ / cm−1 13.777 (MoKα) 20.340 (MoKα) 
reflections measured 17635 17828 
f unique reflections 4220 4245 
observed reflections 3525 (I > 2.00σ(I)) 3313 (I > 2.00σ(I)) 
o. of variables 246 246 
ion/Parameter Ratio 14.33 13.47 
 [I > 2.00σ(I)]a 0.033 0.037 
Rwb 0.037c 0.040d 
oodness-of-fit 1.00 1.01 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|. b RW = [Σw(|Fo| − |Fc|)2/ΣwFo2]1/2. 
c w = 1 / [0.0003Fo2 + 1.1000σ 2(Fo) + 0.5000] 
d w = 1 / [0.0002Fo2 + 0.8000σ 2(Fo) + 0.5000] 20
Molecular structure and spin density distribution of DOT·+ 
 
Figure 2-3 shows molecular structure of DOT·+FeCl4−. DOT·+ had a twisted structure 
similar to the neutral species DOT, but the dihedral angle between two edge phenyl 
rings in DOT·+ was smaller than that in DOT (38o for DOT·+, and 43o for DOT). 
Figure 2-4 showed the spin density map and values of DOT·+ obtained by the density 
functional theory calculations (UB3LYP/6-31G*) at the geometry of X-ray structure 
analysis. The spin delocalization in a whole molecule involving the oxygen atoms 






















Figure 2-3. ORTEP drawings of DOT·+FeCl4− (top; top view, botto
Hydrogen atoms and FeCl4− are omitted for clarity. 
 
 

















































  Figure 2-4. The spin density map and values (UB3LYP/6-31G*) of DOT·+ (blue;









Packing structure and magnetic properties of DOT·+GaCl4− 
 
The packing structure of DOT·+GaCl4− was found to be a columnar alternating stack 
of DOT·+ and GaCl4− along the b axis (Figure 2-5, top). Intermolecular short contacts 
between the carbon atoms of DOT·+ (dotted line; av. 3.51 Å) smaller than the sum of 
van der Waals radii (3.54 Å) were observed along the c axis (Figure 2-5, bottom). These 



























 Figure 2-5. Packing diagrams of DOT·+GaCl4−. Dotted lines show intermolecular
short contacts between the carbon atoms of DOT·+. Hydrogen atoms and GaCl4−




The temperature dependence of the paramagnetic susceptibility (χp) of DOT·+GaCl4− 
was measured for randomly oriented polycrystals in the temperature range of 1.9−298 K. 
The χpT−T and χp−T plots were shown in Figure 2-6. The χpT value at room 
temperature (0.371 emu K mol−1) was close to the theoretical value 0.376 emu K mol−1 
of an S = 1/2 spin with g = 2.0030 (determined by EPR measurement for the powder 
sample). As temperature is lowered, the χpT value decreased due to intermolecular 
antiferromagnetic interactions. No magnetic phase transition was observed. The analysis 
of χp value was achieved by applying Bonner-Fisher model (eq. 1),8 where possible 
difference of magnetic interactions due to the different type of short contacts was 
neglected for simplicity. The parameters 2J/kB = −6.2 K and g = 2.0030 well reproduced 
the experimental values (Similar analysis using the model of alternating chain9 also gave 
similar values, –5.8 K and –6.8 K.). 
∑ +⋅−=
i





















































 Figure 2-6. The χpT−T plots of DOT·+GaCl4−. Inset; the χp−T plots with simulation.
‘‘Reproduced with permission from Inorg. Chem. 2007, 46, 10153−10157. Copyright




Packing structure and magnetic properties of DOT·+FeCl4− 
 
DOT·+FeCl4− had a similar packing structure to DOT·+GaCl4−, which were found to 
be a columnar alternating stack of DOT·+ and FeCl4− along the b axis. Many 
intermolecular short contacts between the carbon atoms of DOT·+ and the chlorine 
atoms of FeCl4− (dotted line; 3.41−3.52 Å) smaller than the sum of van der Waals radii 
(3.52 Å) were observed along the a* and b axes (Figure 2-7, top). The DOT·+-chain 
similar to DOT·+GaCl4− was also observed along the c axis (Figure 2-7, bottom). These 
contacts would lead to three-dimensional antiferromagnetic interactions between the 
DOT·+ and FeCl4− spins and between the DOT·+ spins. No short contact between the 


























Figure 2-7. Packing diagrams of DOT·+FeCl4−. Dotted lines show intermolecular
short contacts. Hydrogen atoms and FeCl4− (bottom) are omitted for clarity.
‘‘Reproduced with permission from Inorg. Chem. 2007, 46, 10153−10157. Copyright
2007 American Chemical Society.’’ 25
The temperature dependence of the paramagnetic susceptibility (χp) of DOT·+FeCl4− 
was measured for randomly oriented polycrystals in the temperature range of 1.9−298 K. 
The χpT−T plots was shown in Figure 2-8. The χpT value at room temperature was 4.77 
emu K mol−1, which is close to the summation of S = 5/2 and S = 1/2 using g = 2.017 
(determined by EPR measurement for the powder sample). The χpT values gradually 
decreased as the temperature was lowered (r.t. → ca. 10 K). Further lowering of the 
temperature led to a sharp drop of the χpT values. 
An insight into the sharp drop of χpT was obtained from an experiment using a single 
crystal of a suitable size (4.5 × 0.3 × 0.2 mm). The χp of the single crystal of 
DOT·+FeCl4− was measured with a magnetic field B (50 mT) applied in three directions: 
B//a*, B//b, and B//c (inset of Figure 2-8). When the magnetic field was parallel to the 








































Figure 2-8. The χpT−T plots of DOT·+FeCl4− for polycrystals. Inset; the χp−T plots
for a single crystal. ‘‘Reproduced with permission from Inorg. Chem. 2007, 46,




















8 K. The temperature-independent susceptibility is typical for ordered antiferromagnets 
under an applied field perpendicular to the easily magnetized axis of magnetisation. On 
the other hand, when B//a*, a sharp drop of χp was observed by lowering temperatures, 
suggesting a*-direction is approximately parallel to the easily magnetized axis. 
Although the precise determination of the principal axes of the susceptibility tensor 
requires measurements of angular dependence of the magnetic susceptibility, the 
observed anisotropy of the magnetic susceptibility is consistent with the occurence of an 
antiferromagnetic phase transition at the Neel temperature, TN ~ 8 K, in DOT·+FeCl4−. 
 
Heat capacity and entropy of DOT·+FeCl4− 
 
Heat capacities of DOT·+FeCl4− were measured for the polycrystals in the 
temperature range of 0.36 K to 300 K. The Cmag−T plots under the different magnetic 
field were shown in Figure 2-9. Two thermal anomalies were observed at 6.82 K and 
0.62 K, respectively. The thermal anomaly at 6.82 K was close to TN ~ 8 K observed in 
magnetic susceptibilities measurement. The peak temperature shifted to lower 
temperature as increasing magnetic field. This behavior shows the characteristic of 
antiferromagnets. Magnetic entropy was determined based on the heat capacities, and 
the Smag−T plots were shown in Figure 2-10. The Smag value approaches 13.38 J K−1 
mol−1 (= Rln5 = Rln(2S +1)), which indicates that the spin component of the 
antiferromagnet is S = 2. The thermal anomaly at 0.62 K showed the same tendency and 









































Figure 2-10. The Smag−T plots of DOT·+FeCl4−.  
 28
2-9. Structures and magnetic properties of DOT·+FeBr4− 
 
Single crystals of DOT·+FeBr4− were obtained from dichloromethane−hexane 
solution; hexane was carefully placed on a dichloromethane solution of DOT·+FeBr4− in 
a small round flask. Crystallographic data of DOT·+FeBr4− were summarized in Table 
2-4. Molecular structure and spin density distribution of DOT·+ were almost similar to 
DOT·+FeCl4−. 
 
Packing structure and magnetic properties of DOT·+FeBr4− 
 
Two independent structures were found in a unit cell. The packing structure consists 
of two kind of alternating stacks of DOT·+ and FeBr4− along the b axis (Figure 2-11). 
Many intermolecular short contacts between the carbon atoms of DOT·+ and the 
bromine atoms of FeBr4− (dotted line; 3.35−3.56 Å) smaller than the sum of van der 
Waals radii (3.62 Å) were observed along the a* and b axes. Furthermore, 
intermolecular short contacts between the carbon atoms of DOT·+ (dotted line; 
3.33−3.42 Å) smaller than the sum of van der Waals radii (3.54 Å) were observed along 
the c axis. Additional short contacts were observed between the carbon atoms and the 
oxygen atoms of the DOT·+ (3.26 Å) and between the bromine atoms of the FeBr4− 
(3.61 Å). These contacts would lead to three-dimensional magnetic interactions between 













Table 2-4. Crystallographic data of DOT·+FeBr4−.  
 Formula C18H11Br4FeNO2 
Formula weight 648.75 
Crystal color, morphology deep green, block 
Crystal size / mm 0.30 x 0.20 x 0.10 
Crystal system Monoclinic 
Space group P21/c (#14) 
a / Å 16.715(3) 
b / Å 13.929(2) 
c / Å 17.892(3) 
β / degree 103.282(3) 
V / Å3 4054.1(11) 
Z value 8 
T / K 93 
Dcalc / g cm−3 2.126 
F(000) 2464.00 
µ / cm−1 86.638 (MoKα) 
No. of reflections measured 39157 
No. of unique reflections 9136 
No. of observed reflections 6917 (I > 2.00σ(I)) 
No. of variables 491 
Reflection/Parameter Ratio 14.09 
R1 [I > 2.00σ(I)]a 0.031 
Rwb 0.037c 
Goodness-of-fit 0.99 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|. b RW = [Σw(|Fo| − |Fc|)2/ΣwFo2]1/2. 
































































 Figure 2-11. Packing diagrams of DOT·+FeBr4−. Dotted lines show intermolecular
short contacts. Hydrogen atoms are omitted for clarity.  
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The temperature dependence of the paramagnetic susceptibility (χp) of DOT·+FeBr4− 
was measured for randomly oriented polycrystals in the temperature range of 1.9−298 K. 
The χpT−T plots was shown in Figure 2-12. The χpT value at room temperature was 
4.59 emu K mol−1, which is close to the summation of S = 5/2 and S = 1/2 using g = 
2.044 (determined by EPR measurement for the powder sample). As the temperature is 
lowered, the χpT values gradually decreased due to the intermolecular antiferromagnetic 
interactions. The magnetic susceptibilities for the field-cooled sample (χp FC) exhibited a 
sharp drop around 11 K (inset of Figure 2-12). Furthermore, the zero-field-cooled 
sample (χp ZFC) showed similar values to the χp FC sample. These results suggest the 



















































Figure 2-12. The χpT−T plots of DOT·+FeBr4− for polycrystals. Inset; the χp−T plots




2-10. Experimental section 
 
Characterization of all compounds was performed using the instruments shown 
below. 
Melting point: Yanaco MP-J3 
1H NMR: JEOL JNM-LA400 (400 MHz) 
JEOL JNM-LA300WB (300 MHz) 
13C NMR: JEOL JNM-LA400 (100 MHz) 
JEOL JNM-LA300WB (75 MHz) 
Chemical shifts (δ values) were recorded in ppm using an internal standard of 
tetramethylsilane (TMS) and coupling constants (J) in Hz. 
IR: SHIMADZU FTIR-8700 (P/N206-70700) 
MS: JEOL JMS-700T 
JEOL JMS-AX500 
Elemental analysis: PERKIN-ELMER 240C  
FISONS EA1108 
EPR: BRUKER ELEXSYS E500 
CV: Yanaco POLARLOGRAFIC ANALYZER P-1100 
ALS Electrochemical Analyzer MODEL 610A 
X-ray structure analysis: measured by Rigaku AFC7+ Mercury CCD System, 
analyzed by Rigaku Crystal Structure ver.3.8. 
Magnetic susceptibility: Quantum Design SQUID magnetometer MPMS-XL 
XRD: Rigaku RAD (Cu-Kα) 
Heat capacities were measured at the Research Center of Molecular Thermodynamics, 
Graduate School of Science, Osaka University. 
Analytical thin layer chromatography (TLC): Merck Art. Silica gel 60 F254 
Merck Art. Aluminium oxide 60 F254 
Column chromatography: Merck Art. 7734-5B Silica gel 60 
Merck Art. Aluminium oxide 90 Standardized 

















Compound 2a was synthesized according to the procedure in literature. 
2,6-Dichloroaniline (1a, 23.0 g, 142 mmol) and m-chloroperbenzoic acid (MCPBA, 109 
g, 632 mmol) were dissolved in dichloromethane (1000 mL), and refluxed for 2 h. The 
reaction mixture was cooled to room temperature, transferred into a separatory funnel, 
and washed with 1 M potassium hydroxide to remove m-chlorobenzoic acid (confirmed 
by silica gel TLC, chloroform as an eluent). The organic phase was further washed with 
water and saturated brine, dried over anhydrous sodium sulfate. The solvent was 
removed under reduced pressure to give 2a (22.7 g, 91%) as a light brown crude 
powder. 
 
2a: C6H3Cl2NO; MW 176.00; light brown powder (crude); mp 175.5−176.5 °C; 1H 
NMR (400 MHz, CDCl3): δ (ppm) 7.54−7.47 (m, 2H), 7.47−7.41 (m, 1H); MS (EI+): 
m/z 175 (M+); IR (KBr, cm−1): 3076(w), 1944(w), 1871(w), 1798(w), 1674(w), 1574(s), 















Compound 3a was synthesized according to the procedure in literature. To a 
suspension of 2a (12.8 g, 72.7 mmol) in acetic acid (390 mL) were added at room 
temperature a mixture of acetic acid (195 mL) and aq. (30%) hydrogen peroxide (195 
mL). Then concentrated nitric acid (13.0 mL) was added. The reaction mixture was 
heated at 90 oC. During heating, the suspension became a clear solution. The solution 
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was stirred for about 1 h at 90 oC until the color of the solution was turned to yellow. 
The cooled reaction mixture was poured into water. The precipitate was collected 
through a filter with suction, washed with saturated aq. sodium hydrogen carbonate, 
water, and then, dried over phosphorous (V) oxide under vacuum to give 3a (11.1 g, 
79%) as a white powder. 
 
3a: C6H3Cl2NO2; MW 192.00; white powder; mp 69.5−70.5 °C; 1H NMR (400 MHz, 
CDCl3): δ (ppm) 7.45 (dd, 2H, J = 8.3, 2.0 Hz), 7.39 (dd, 1H, J = 8.3, 8.3 Hz); MS 
(EI+): m/z 191 (M+); IR (KBr, cm−1): 3086(m), 2901(w), 1958(w), 1879(w), 1682(w), 
1578(s), 1539(s), 1445(s), 1371(s), 1275(s), 1204(m), 1157(w), 1096(w), 853(s), 812(s), 














Compound 2b was synthesized according to the procedure in literature. 
2,6-Difluoroaniline (1b, 16.5 g, 128 mmol) and m-chloroperbenzoic acid (MCPBA, 
98.4 g, 570 mmol) were dissolved in dichloromethane (891 mL) and the solution was 
refluxed for 2 h. The reaction mixture was cooled to room temperature, washed with aq. 
1 M potassium hydroxide to remove m-chlorobenzoic acid (confirmed by silica gel TLC, 
chloroform as an eluent). The organic phase was washed with water, saturated brine, 
and dried over anhydrous sodium sulfate. The solvent was removed to give 2b (18.3 g, 
99%) as a light brown crude powder. This crude compound was used in the next step 
without further purification. 
 
2b: C6H3F2NO; MW 143.09; light brown powder (crude); 1H NMR (400 MHz, CDCl3): 
















Compound 3b was synthesized according to the procedure in literature. To a 
suspension of 2b (12.9 g, 90.2 mmol) in acetic acid (492 mL) were added at room 
temperature a mixture of acetic acid (246 mL) and aq. (30%) hydrogen peroxide (246 
mL). Then concentrated nitric acid (17.0 mL) was added. The reaction mixture was 
heated at 90 oC. During heating, the suspension became a clear solution. The solution 
was stirred for about 1 h at 90 oC until the color of the solution was turned to yellow. 
The cooled reaction mixture was poured into water and extracted with diethyl ether. The 
organic layer was washed with aq. saturated sodium hydrogen carbonate, water, 
saturated brine, and dried over anhydrous magnesium sulfate. The solvent was removed 
and the residue was purified by distillation under reduced pressure to give 3b (12.1 g, 
84%) as a yellow oil. 
 
3b: C6H3F2NO2; MW 159.09; yellow oil; 1H NMR (400 MHz, CDCl3): δ (ppm) 7.52 (tt, 


















Sodium hydride (0.202 g, 5.26 mmol, 62.5% in oil) was washed with n-hexane and 
dried under vacuum. The sodium hydride and dry dimethyl sufoxide (3.0 mL) were 
heated at 65−70 oC for 1 h under a nitrogen atmosphere. Then, 2-bromophenol (0.55 mL, 
5.21 mmol) was added and stirred for 1 h at the same temperature. Then, a solution of 
compound 3a (0.198 g, 1.03 mmol) in dry dimethyl sulfoxide (2.0 mL) was added and 
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stirred for 1 day at 130 oC. The reaction mixture was poured into water, extracted with 
ethyl acetate. The organic phase was washed with aq. potassium hydroxide, water, 
saturated brine, and dried over anhydrous sodium sulfate. The solvent was removed, and 

















Sodium hydride (1.90 g, 47.5 mmol, 60% in oil) was washed with n-hexane and dried 
under vacuum. The sodium hydride and dry dimethyl sufoxide (40 mL) were heated at 
65 ~ 70 oC for 1 h under a nitrogen atmosphere. Then, 2-bromophenol (4.50 mL, 42.7 
mmol) was added and stirred for 1 h at the same temperature. Then, compound 3b (3.24 
g, 20.4 mmol) was added and stirred for 3 h at 130 oC. The reaction mixture was poured 
into water, extracted with dichloromethane. The organic phase was washed with water, 
saturated brine, and dried over anhydrous sodium sulfate. The solvent was removed, and 
the residue was washed with ethanol to give 4 as a white powder (9.17 g, 87%). Pure 
sample was obtained by recrystallization from ethanol. 
 
4: C18H11Br2NO4; MW 465.10; white powder; mp 131−132 °C; 1H NMR (400 MHz, 
DMSO-d6): δ (ppm) 7.81 (dd, 2H, J = 7.9, 1.6 Hz), 7.51 (ddd, 2H, J = 8.2, 7.5, 1.6 Hz), 
7.45 (t, 1H, J = 8.6 Hz), 7.35 (dd, 2H, J = 8.2, 1.5 Hz), 7.29 (ddd, 2H, J = 7.9, 7.5, 1.5 
Hz), 6.60 (d, 2H, J = 8.6 Hz); 13C NMR (75 MHz, CDCl3): δ (ppm) 151.59, 149.92, 
134.14, 133.80, 130.94, 129.03, 126.92, 122.19, 115.66, 110.89; MS (FAB+): m/z 463 
(M+), 464 ([M+H]+); IR (KBr, cm−1): 1611(m), 1595(m), 1574(s), 1531(s), 1468(s), 
1443(s), 1375(m), 1294(w), 1248(s), 1219(s), 1159(w), 1123(w), 1053(s), 1030(s), 
773(m), 741(s), 660(m); Anal. Calcd. for C18H11Br2NO4: C, 46.48; H, 2.38; N, 3.01; 






















A mixture of 4 (12.5 g, 26.9 mmol), 4-bromophenol (46.5 g, 269 mmol), 5% 
palladium carbon (1.92 g), and hydrazine monohydrate (38.0 mL, 779 mmol) in ethanol 
(710 mL) was refluxed for 2 h under a nitrogen atmosphere. Then, palladium carbon 
was filtered off and washed with ethanol several times. The filtrate was evaporated to 
remove almost of ethanol, and then poured into water, extracted with diethyl ether. The 
organic phase was washed with aq. sodium hydroxide, water, saturated brine, and dried 
over anhydrous sodium sulfate. After evaporation, the residue was subjected to a short 
silica gel column with dichloromethane as an eluent. The solvent was removed to give 
desired 5 as oily product (9.36 g, 80%). This oily product can be used in the next step 
without further purification. Oily product was crystallized from small amount of 
n-hexane at low temperature to give pure 5 as a white powder. 
 
5: C18H13Br2NO2; MW 435.11; white powder; mp 45−46 °C; 1H NMR (400 MHz, 
DMSO-d6): δ (ppm) 7.72 (dd, 2H, J = 7.9, 1.2 Hz), 7.37 (ddd, 2H, J = 8.1, 7.4, 1.2 Hz), 
7.08 (ddd, 2H, J = 7.9, 7.4, 1.2 Hz), 6.92 (dd, 2H, J = 8.1, 1.2 Hz), 6.57 (s, 3H, broad), 
4.76 (s, 2H, broad); 13C NMR (100 MHz, CDCl3): δ (ppm) 153.63, 144.11, 133.77, 
130.78, 128.68, 124.59, 118.59, 116.98, 114.97, 113.62; IR (KBr, cm−1): 3439(w), 
3356(w), 1622(w), 1578(m), 1468(s), 1443(m), 1288(w), 1267(m), 1248(m), 1221(s), 
1165(m), 1130(m), 1045(m), 1030(m), 959(w), 818(w), 764(m), 752(m), 733(m), 

























A mixture of tris(dibenzylideneacetone)dipalladium (1.42 g, 1.38 mmol), sodium 
t-butoxide (7.93 g, 82.5 mmol), and a dry toluene solution of tri-t-butylphosphine (0.152 
M, 13.6 mL, 2.06 mmol) was mixed under an argon atmosphere. Then, dry toluene (520 
mL) was added and the mixture was stirred for about 15 min at room temperature. To 
this mixture, compound 5 (12.0 g, 27.5 mmol) was added and the whole mixture was 
refluxed for 3 h. After cooling to room temperature, insoluble materials were filtered off 
and washed with toluene. The filtrate was evaporated and the residue was purified by a 
basic aluminium column with toluene : n-hexane = 1 : 2 as an eluent. The solvent was 
removed to give DOT as a white powder (4.06 g, 54%). 
 
DOT: C18H11NO2; MW 273.29; white powder; mp 164−165 °C; 1H NMR (400 MHz, 
DMSO-d6): δ (ppm) 7.37 (dd, 2H, J = 8.2, 1.2 Hz), 7.10−6.95 (m, 6H), 6.88 (t, 1H, J = 
8.3 Hz), 6.64 (d, 2H, J = 8.3 Hz); 13C NMR (100 MHz, CDCl3): δ (ppm) 146.98, 145.33, 
129.09, 123.60, 123.54, 123.34, 120.92, 117.42, 114.60, 111.06; MS (FAB+): m/z 273 
(M+); IR (KBr, cm−1): 1618(w), 1597(s), 1510(s), 1483(s), 1472(s), 1342(s), 1310(m), 
1285(s), 1246(s), 1221(s), 1115(w), 1103(w), 1043(m), 1022(w), 851(w), 746(s), 
718(w), 706(w); Anal. Calcd. for C18H11NO2: C, 79.11; H, 4.06; N, 5.13; Found: C, 























Sodium hydride (0.219 g, 5.48 mmol, 60% in oil) was washed with n-hexane and 
dried under vacuum. The sodium hydride and dry dimethyl sufoxide (15 mL) were 
heated at 65−70 oC for 1 h under a nitrogen atmosphere. Then, 2-bromobenzenethiol 
(0.63 mL, 5.24 mmol) was added and stirred for 1 h at the same temperature. This 
solution was added to a solution of 3a (0.498 g, 2.59 mmol) in dry dimethyl sulfoxide 
(10 mL), and the whole mixture was stirred for 2 h at 90 oC. After cooling to room 
temperature, the reaction mixture was poured into water and the aq. solution was 
extracted with dichloromethane. The organic phase was washed with aq. potassium 
hydroxide, water, saturated brine, and dried over anhydrous sodium sulfate. The solvent 
was removed, and the residue was recrystallized from ethanol to give 6 as a light yellow 
powder (1.05 g, 82%). 
 
6: C18H11Br2NO2S2; MW 497.23; light yellow powder; mp 151−152 °C; 1H NMR (300 
MHz, CDCl3): δ (ppm) 7.68 (dd, 2H, J = 7.9, 1.5 Hz), 7.51 (dd, 2H, J = 7.7, 1.7 Hz), 
7.45 (ddd, 2H, J = 7.7, 7.5, 1.5 Hz), 7.25 (ddd, 2H, J = 7.9, 7.5, 1.7 Hz), 7.15 (t, 1H, J = 
7.9 Hz), 6.86 (d, 2H, J = 7.9 Hz); 13C NMR (100 MHz, CDCl3): δ (ppm) 148.50, 135.70, 
134.00, 133.89, 133.83, 131.30, 130.60, 128.86, 128.59, 128.52; MS (FAB+): m/z 495 
(M+), 496 ([M+H]+); IR (KBr, cm−1): 3061(w), 1541(s), 1447(s), 1427(m), 1369(m), 
1256(w), 1107(w), 1038(w), 1020(m), 847(w), 797(m), 739(s), 708(m), 652(w); Anal. 


























A mixture of 6 (5.41 g, 10.9 mmol), 4-bromophenol (18.8 g, 109 mmol), 5% 
palladium carbon (806 mg), and hydrazine monohydrate (15.3 mL, 315 mmol) in 
ethanol (270 mL) was refluxed for 2 h under a nitrogen atmosphere. After cooling to 
room temperature, palladium carbon was filtered off and washed with ethanol several 
times. The filtrate was poured into water and the aq. mixture was extracted with 
dichloromethane. The organic phase was washed with aq. potassium hydroxide, water, 
saturated brine, and dried over anhydrous sodium sulfate. The solvent was removed and 
the residue was recrystallized from ethanol to give 7 as a white powder (4.07 g, 80%). 
 
7: C18H13Br2NS2; MW 467.24; white powder; mp 126−127 °C; 1H NMR (400 MHz, 
CDCl3): δ (ppm) 7.61 (d, 2H, J = 7.7 Hz), 7.53 (dd, 2H, J = 7.9, 1.3 Hz), 7.12 (ddd, 2H, 
J = 8.0, 7.4, 1.3 Hz), 7.00 (ddd, 2H, J = 7.9, 7.4, 1.5 Hz), 6.81 (t, 3H, J = 7.7 Hz), 6.64 
(dd, 2H, J = 8.0, 1.5 Hz), 4.99 (s, 2H, broad); 13C NMR (100 MHz, CDCl3): δ (ppm) 
151.35, 140.26, 137.15, 132.95, 127.72, 126.61, 126.33, 121.08, 118.47, 114.06; MS 
(FAB+): m/z 465 (M+), 466 ([M+H]+); IR (KBr, cm−1): 3452(s), 3350(s), 3053(w), 
1597(s), 1576(m), 1556(m), 1443(s), 1425(s), 1292(w), 1234(w), 1101(w), 1069(w), 
1038(w), 1018(s), 781(w), 745(s), 708(w), 650(w); Anal. Calcd. for C18H13Br2NS2: C, 



























A mixture of 7 (2.50 g, 5.35 mmol), copper (I) iodide (10.2 g, 53.6 mmol), and 
potassium iodide (26.6 g, 160 mmol) in hexamethylphosphoric triamide (26.8 mL) was 
heated at 160 oC and stirred very vigorously for 16 h under a nitrogen atmosphere. The 
reaction mixture was poured into a mixture of 2 M aq. hydrochloric acid (163 mL) and 
diethyl ether (50 mL). Insoluble materials were filtered with suction and washed with 2 
M aq. hydrochloric acid and diethyl ether. The filtrate was extracted with diethyl ether. 
The organic phase was washed with 2 M aq. hydrochloric acid, saturated brine, water, 
and dried over anhydrous magnesium sulfate. The solvent was removed to give crude 8 
as a brown oil (2.18 g, 73%). 
 
8: C18H13I2NS2; MW 561.24; brown oil (crude); HRMS (FAB+): m/z Calcd. for 



















A mixture of 8 (1.75 g, 3.12 mmol), activated (I2 in acetone) copper powder (0.795 g, 
12.5 mmol), and potassium carbonate (3.46 g, 25.0 mmol) in o-dichlorobenzene (38 
mL) was refluxed for 5 h under a nitrogen atmosphere. Insoluble materials were filtered 
off and washed with hot o-dichlorobenzene several times. The filtrate was evaporated 
and the residual solid was recrystallized from ethyl acetate to give DTT as light yellow 
blocks (0.825 g, 86%). 
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DTT: C18H11NS2; MW 305.42; light yellow blocks; mp 201.5−202 °C; 1H NMR (400 
MHz, CDCl3): δ (ppm) 7.21 (dd, 2H, J = 7.6, 1.6 Hz), 7.18 (dd, 2H, J = 8.1, 1.4 Hz), 
7.13 (ddd, 2H, J = 8.1, 7.2, 1.6 Hz), 7.04 (ddd, 2H, J = 7.6, 7.2, 1.4 Hz) 7.02−6.98 (m, 
2H), 6.98−6.92 (m, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) 142.64, 139.55, 127.92, 
127.45, 127.08, 125.87, 125.65, 124.83, 124.67, 120.64; MS (FAB+): m/z 305 (M+); IR 
(KBr, cm−1): 3065(w), 1578(w), 1558(w), 1479(s), 1429(s), 1315(m), 1286(w), 1261(w), 
1240(m), 1200(w), 1132(w), 1065(w), 1036(w), 770(w), 748(s), 716(w), 627(w); Anal. 
Calcd. for C18H11NS2: C, 70.79; H, 3.63; N, 4.59; Found: C, 70.62; H, 3.52; N, 4.51. 
 






















Thianthrenium tetrachloroferrate (TH·+FeCl4−) 
The oxidation of thianthrene (TH) was carried out in an electrochemical cell, which 
has two compartments (each 25 mL) separated by a glass filter and equipped with 
Pt-electrodes (15 × 15 mm). An elelctrolyte solution of tetra-n-butylammonium 
tetrachloroferrate (TBAFeCl4, 973 mg, 2.21 mmol) in dichloromethane (50 mL) was 
prepared. Half of the solution was added to a cathodic compartment in the cell. TH (393 
mg, 1.82 mmol) was dissolved in the remaining electrolyte solution and the solution 
was added to an anodic compartment. Both compartments in the cell were purged by 
argon for few minutes. The electrolysis was carried out at constant current (1.0 mA) 
using a galvanostat. After a few minutes, the color of the solution in the anodic room 
becomes purple. After 1 day, purple crystals were deposited on the Pt-surface. These 
crystals were repeatedly collected several times (408 mg, 54% after 3rd cycles). Thus 
prepared thianthrene tetrachloroferrate was pure enough as confirmed by the elemental 
analysis. 
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TH·+FeCl4−: C12H8Cl4FeS2; MW 413.98; deep purple blocks; mp ca. 209 °C (decomp.); 
EPR (powder) g = 2.0125 as a broad and monotonic signal with a width of 134 G at half 
height; MS (FAB+): m/z 216 [C12H8S2+], (FAB−): m/z 198 [FeCl4−]; IR (KBr, cm−1): 
1541(w), 1518(m), 1452(w), 1439(s), 1431(s), 1418(w), 1304(w), 1259(w), 1250(m), 
1101(m), 1024(w), 762(s), 750(s), 660(w); Anal. Calcd. for C12H8Cl4FeS2: C, 34.82; H, 
1.95. Found: C, 34.96; H, 1.83. 
 
Thianthrenium tetrachlorogallate (TH·+GaCl4−) 
The same method was employed for the preparation of the FeCl4− salt. Using 
tetra-n-butylammonium tetrachlorogallate (TBAGaCl4, 1.00 g, 2.21 mmol) in 
dichloromethane (50 mL) as an electrolyte solution and TH (393 mg, 1.82 mmol), 
TH·+GaCl4− was obtained in a similar yield (396 mg, 51% yield after 3rd cycles). 
 
TH·+GaCl4−: C12H8Cl4GaS2; MW 427.86; deep purple blocks; mp ca. 215 °C (decomp.), 
EPR (powder) g = 2.0080 as three-line signals with anisotropy of g-factor (gxx = 2.0140, 
gyy = 2.0081, gzz = 2.0018); MS (FAB+): m/z 216 [C12H8S2+], (FAB−): m/z 211 [GaCl4−]; 
IR (KBr, cm−1): 1541(w), 1518(m), 1508(m), 1439(s), 1433(s), 1418(m), 1306(m), 
1261(m), 1250(w), 1101(m), 1026(w), 762(s), 752(s); Anal. Calcd. for C12H8Cl4GaS2: C, 
33.69; H, 1.88. Found: C, 33.39; H, 1.84. 
 
Thianthrenium tetrabromoferrate (TH·+FeBr4−) 
The same method was employed for the preparation of the FeCl4− salt. Using 
tetra-n-butylammonium tetrabromoferrate (TBAFeBr4, 1.32 g, 2.13 mmol) in 
dichloromethane (50 mL) as an electrolyte solution and TH (381 mg, 1.76 mmol), 
TH·+FeBr4− was obtained in a similar yield (647 mg, 62% yield after 3rd cycles). The 
color of the dichloromethane solution of TBAFeBr4 is very deep orange, so the change 
of the color was invisible. 
 
TH·+FeBr4−: C12H8Br4FeS2; MW 591.78; black powder; mp ca. 204 °C (decomp.), EPR 
(powder) g = 2.0438 as a broad and monotonic signal with a width of 540 G at half 
height; MS (FAB+): m/z 216 [C12H8S2+], (FAB−): m/z 375 [FeBr4−]; IR (KBr, cm−1): 
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1541(w), 1518(s), 1452(w), 1439(m), 1431(m), 1418(m), 1304(m), 1261(m), 1150(w), 
1101(m), 1026(w), 762(s), 752(s), 660(w); Anal. Calcd. for C12H8Br4FeS2: C, 24.35; H, 
1.36. Found: C, 24.35; H, 1.28. 
 
Thianthrenium tetrabromogallate (TH·+GaBr4−) 
The same method was employed for the preparation of the FeCl4− salt. Using 
tetra-n-butylammonium tetrabromogallate (TBAGaBr4, 1.35 g, 2.13 mmol) in 
dichloromethane (50 mL) as an electrolyte solution and TH (381 mg, 1.76 mmol), 
TH·+GaBr4− was obtained in a similar yield (682 mg, 64% yield after 3rd cycles). 
 
TH·+GaBr4−: C12H8Br4GaS2; MW 605.66; deep purple powder; mp ca. 212 °C 
(decomp.), EPR (powder) g = 2.0075 as three-line signals with anisotropy of g-factor 
(gxx = 2.0131, gyy = 2.0077, gzz = 2.0016); MS (FAB+): m/z 216 [C12H8S2+], (FAB−): m/z 
389 [GaBr4−]; IR (KBr, cm−1): 1553(w), 1514(w), 1439(s), 1431(s), 1304(w), 1250(m), 
1159(w), 1101(m), 1051(w), 1026(w), 945(w), 872(w), 762(s), 752(s), 660(m); Anal. 
Calcd. for C12H8Br4GaS2: C, 23.80; H, 1.33. Found: C, 23.87; H, 1.30. 
 
2,2′:6′,2″-Dioxytriphenylaminium tetrahalogenometalate (DOT·+MX4−) 
 
N CH2Cl2-CH3CN
r.t., 30 min MX4−
TH·+MX4−
DOT DOT·+MX4−














2,2′:6′,2″-Dioxytriphenylaminium tetrachloroferrate (DOT·+FeCl4−) 
The following procedure was carried out in a glove box. To a solution of DOT (50.1 
mg, 0.183 mmol) in dichloromethane (8 mL) was added a solution TH·+FeCl4− (75.7 mg, 
0.183 mmol) in acetonitrile (40 mL) at room temperature. After stirring for 30 min, the 
solvent was removed under reduced pressure. The residue was dissolved in a minimum 
amount (4 mL) of dichloromethane. Then, diethyl ether (50 mL) was added into the 
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dichloromethane solution. DOT·+FeCl4− was obtained as purple precipitates (70.5 mg, 
82% yield). This compound was recrystallized from dichloromethane−hexane as 
follows: DOT·+FeCl4− was dissolved in dichloromethane in a small round flask. Hexane 
was carefully placed on the dichloromethane solution. The flask was capped and kept at 
room temperature for 1 day to give single crystals for X-ray analysis as deep green 
blocks. 
 
DOT·+FeCl4−; C18H11Cl4FeNO2; MW 470.94; deep green blocks; mp ca. 193 °C 
(decomp.); EPR (powder) g = 2.0165 as a broad and monotonic signal with a width of 
87 G at half height; MS (FAB+): m/z 273 [C18H11NO2+], (FAB−): m/z 198 [FeCl4−]; IR 
(KBr, cm−1): 3082(w), 1630(w), 1580(s), 1491(s), 1339(w), 1300(m), 1275(m), 1234(w), 
1163(w), 1153(w), 1124(m), 1115(m), 1057(s), 862(w), 791(w), 760(s), 712(w), 
600(m); Anal. Calcd. for C18H11Cl4FeNO2: C, 45.91; H, 2.35; N, 2.97. Found: C, 45.99; 
H, 2.27; N, 2.95. 
 
2,2′:6′,2″-Dioxytriphenylaminium tetrachlorogallate (DOT·+GaCl4−) 
The following procedure was carried out in a glove box. To a solution of DOT (75.0 
mg, 0.274 mmol) in dichloromethane (10 mL) was added a solution TH·+GaCl4− (118 
mg, 0.274 mmol) in acetonitrile (50 mL) at room temperature. After stirring for 30 min, 
the solvent was removed under reduced pressure. The residue was dissolved in a 
minimum amount (5 mL) of dichloromethane. Then, diethyl ether (60 mL) was added 
into the dichloromethane solution. DOT·+GaCl4− was obtained as purple precipitates 
(100 mg, 75% yield). This compound was recrystallized from dichloromethane−hexane 
as follows: DOT·+GaCl4− was dissolved in dichloromethane in a small round flask. 
Hexane was carefully placed on the dichloromethane solution. The flask was capped 
and kept at room temperature for 1 day to give single crystals for X-ray analysis as deep 
green blocks. 
 
DOT·+GaCl4−; C18H11Cl4GaNO2; MW 484.82; deep green blocks; mp ca. 216 °C 
(decomp.); EPR (powder) g = 2.0030 as a monotonic signal with a width of 1.8 G at 
half height; MS (FAB+): m/z 273 [C18H11NO2+], (FAB−): m/z 211 [GaCl4−]; IR (KBr, 
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cm−1): 3084(w), 1630(w), 1582(s), 1491(s), 1337(w), 1300(m), 1277(m), 1234(w), 
1163(w), 1153(w), 1124(m), 1115(m), 1057(s), 864(w), 791(w), 760(s), 712(w), 
600(m); Anal. Calcd. for C18H11Cl4GaNO2: C, 44.59; H, 2.29; N, 2.89. Found: C, 44.35; 
H, 2.39; N, 2.77. 
 
2,2′:6′,2″-Dioxytriphenylaminium tetrabromoferrate (DOT·+FeBr4−) 
The following procedure was carried out in a glove box. To a solution of DOT (19.9 
mg, 0.0728 mmol) in dichloromethane (5 mL) was added a suspension of TH·+FeBr4− 
(44.2 mg, 0.0747 mmol) in acetonitrile (25 mL) at room temperature. After stirring for 
30 min, the solvent was removed under reduced pressure. The residue was dissolved in 
a minimum amount (4 mL) of dichloromethane. Then, diethyl ether (50 mL) was added 
into the dichloromethane solution. DOT·+FeBr4− was obtained as purple precipitates 
(35.0 mg, 74% yield). This compound was recrystallized from dichloromethane−hexane 
as follows: DOT·+FeBr4− was dissolved in dichloromethane in a small round flask. 
Hexane was carefully placed on the dichloromethane solution. The flask was capped 
and kept at room temperature for 1 day to give single crystals for X-ray analysis as deep 
green blocks. 
 
DOT·+FeBr4−; C18H11Br4FeNO2; MW 648.75; deep green blocks; mp ca. 209 °C 
(decomp.); EPR (powder) g = 2.0436 as a broad and monotonic signal with a width of 
730 G at half height; MS (FAB+): m/z 273 [C18H11NO2+], (FAB−): m/z 376 [FeBr4−]; IR 
(KBr, cm−1): 3065(w), 1630(w), 1582(s), 1491(s), 1337(w), 1300(m), 1277(m), 1234(m), 
1153(w), 1124(m), 1057(s), 870(w), 785(m), 766(m), 752(s), 600(m); Anal. Calcd. for 
C18H11Br4FeNO2: C, 33.32; H, 1.71; N, 2.16. Found: C, 33.34; H, 1.62; N, 2.06. 
 
2,2′:6′,2″-Dioxytriphenylaminium tetrabromogallate (DOT·+GaBr4−) 
The following procedure was carried out in a glove box. To a solution of DOT (27.0 
mg, 0.0988 mmol) in dichloromethane (10 mL) was added a suspension of TH·+GaBr4− 
(60.8 mg, 0.100 mmol) in acetonitrile (60 mL) at room temperature. After stirring for 30 
min, the solvent was removed under reduced pressure. The residue was dissolved in a 
minimum amount (5 mL) of dichloromethane. Then, diethyl ether (60 mL) was added 
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into the dichloromethane solution. DOT·+GaBr4− was obtained as purple precipitates 
(56.0 mg, 85% yield). 
 
DOT·+GaBr4−; C18H11Br4GaNO2; MW 662.62; deep purple powder; mp ca. 218 °C 
(decomp.); EPR (powder) g = 2.0029 as a monotonic signal with a width of 9.1 G at 
half height; MS (FAB+): m/z 273 [C18H11NO2+], (FAB−): m/z 389 [GaBr4−]; IR (KBr, 
cm−1): 3067(w), 1630(w), 1580(s), 1491(s), 1300(m), 1279(m), 1234(m), 1153(w), 
1124(m), 1117(m), 1059(s), 862(w), 808(w), 783(m), 756(s), 708(w), 600(m); Anal. 
Calcd. for C18H11Br4GaNO2: C, 32.63; H, 1.67; N, 2.11. Found: C, 32.76; H, 1.82; N, 
2.06. 
 













6′: C24H15Br3S3; MW 639.28; white blocks; mp 184−185 °C; 1H NMR (400 MHz, 
DMSO-d6): δ (ppm) 7.82 (dd, 2H, J = 7.8, 1.5 Hz), 7.66 (dd, 1H, J = 8.0, 1.2 Hz), 7.56 
(dd, 2H, J = 7.6, 1.7 Hz), 7.48 (ddd, 2H, J = 7.6, 7.6, 1.5 Hz), 7.41 (ddd, 2H, J = 7.7, 
7.6, 1.7 Hz), 7.35−7.29 (m, 2H), 7.14 (ddd, 1H, J = 7.9, 7.7, 1.2 Hz), 6.71 (dd, 1H, J = 
7.9, 1.5 Hz), 6.54 (d, 2H, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3): δ (ppm) 146.70, 
136.88, 136.64, 133.91, 133.64, 132.81, 130.81, 130.55, 130.13, 128.43, 127.57, 126.56, 
126.44, 124.92, 124.25, 121.52; MS (FAB+): m/z 636 (M+), 637 ([M+H]+); IR (KBr, 
cm−1): 3055(w), 1574(w), 1549(m), 1447(s), 1425(s), 1383(w), 1258(w), 1190(w), 
1159(w), 1105(w), 1018(s), 768(s), 754(s), 746(s), 646(w); Anal. Calcd. for 
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~ Chapter 3 ~ 
Syntheses and magnetic properties of 




As described in Chapter 2, syntheses of dioxy- and dithio-triphenylamine (DOT and 
DTT) were established and their structures and electron-donating ability were disclosed. 
DOT was superior to DTT in planarity and electron-donating 
ability. Furthermore, DOT afforded stable radical cations 
DOT·+MX4− (M = Fe, Ga; X = Cl, Br). Of these, DOT·+FeCl4− 
and DOT·+FeBr4− exhibited antiferromagnetic phase transitions at 
low temperatures. In addition, preliminary calculations predicted 
that the trioxytriphenylamine TOT would have a shallow bowl 
structure, whereas the trithiotriphenylamine TTT would be in a 




TOT: X = O
TTT: X = S
The synthetic strategy developed for DOT involving 1) aromatic nucleophilic 
substitution, 2) cyclization through the Pd-mediated intramolecular cross-coupling 
reaction seems to be quite useful for the synthesis of target TOT. Obviously, a 
reasonable path leading to TOT would involve a third important process, 3) 
intramolecular nucleophilic substitution reaction between phenolate and aryl halide. I 
wondered how easy (or difficult) the intramolecular nucleophilic substitution would be. 
So far, a few of these types of reactions are known: Krebs et al. reported an interesting 
cyclization reaction of tris(2-fluoro-6-hydroxyphenyl)phosphine in the presence of a 
base (Scheme 3-1).1 Although the reaction requires a high temperature, the reaction 
proceeded effectively. Overall retro-synthesis leading to the target TOT is shown in 
Scheme 3-2. It should be noted that the first aromatic nucleophilic substitution reactions 
should selectively proceed favorably using an equimolar amount of phenolate. 
Furthermore, 2-bromo-3-methoxyphenol (9a)2 and 2-bromo-3-fluorophenol (9b),3 
although the both are known compounds, must be synthesized in high yield. Therefore, 





















































































3-2. Syntheses of 2-bromo-3-methoxyphenol (9a) and 2-bromo-3-fluorophenol (9b) 
 
For the synthesis of TOT, 2-bromo-3-methoxyphenol (9a) and 
2-bromo-3-fluorophenol (9b) were required as starting materials. Syntheses of 9a and 
9b are outlined in Scheme 3-3. Hydroxyl group of 10a and 10b was protected by 
tetrahydropyranyl group to give 11a and 11b in high yield. Selective bromination was 
achieved in high yield by heteroatom-assisted ortho-lithiaition of 11a and 11b followed 
by addition of 1,2-dibromo-1,1,2,2-tetrafluoroethane as an electrophile. In the case of 
ortho-lithiaition of 11a, the reaction must be carried out below −70 oC to avoid benzyne 


















0 oC, 15 min 11a: R = OMe (95%)




10a; R = OMe
10b; R = F
Scheme 3-3
1. n-BuLi, 2 h
. BrCF2CF2Br, 1 h
Et2O, r.t.




aq.1 M HCl R O
Br
12a: R = OMe (92%)
12b: R = F (95%)
9a: R = OMe (75%)
9b: R = F (80%)
1. n-BuLi, 2 h












3-3. Synthesis of 2,2′:6′,2″:6″,6-trioxytriphenylamine (TOT) 
 
The synthesis of 2,2′:6′,2″:6″,6-trioxytriphenylamine (TOT) is outlined in Scheme 
3-4. Sequential aromatic nucleophilic substitution reactions of 3b with phenolate of 9a 
and then phenolate of 9b gave 14 (71% yield in two steps). The reduction of the nitro 
group of 14 proceeded selectively in the presence of 4-bromophenol (10 eq.) to avoid 
the competing reduction of aromatic bromide. Intramolecular cyclization of 15 was 
achieved using the Pd(0)-mediated cross-coupling reaction conditions, affording 16 in 
35% yield. Treatment of 16 with BBr3 gave 17 in good yield. Intramolecular 
nucleophilic substitution of 17 in DMF using K2CO3 as a base proceeded efficiently 
















































































3-4. Molecular structure of TOT 
 
Single crystals of TOT were obtained by slow evaporation of the solvent (benzene) 
in a small round flask in a bottle containing n-hexane. The molecular structure and 




























Figure 3-1. ORTEP drawings of TOT (top; top view, bottom; side view). Hydrogen
atoms are omitted for clarity. ‘‘Kuratsu, M.; Kozaki, M.; Okada, K.
2,2′:6′,2″:6″,6-Trioxytriphenylamine: Synthesis and Properties of the Radical Cation
and Neutral Species. Angew. Chem., Int. Ed. 2005, 44, 4056−4058. Copyright
Wiley−VCH Verlag GmbH & Co. KGaA. Reproduced with permission.’’ 
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Table 3-1. Crystallographic data of TOT. 
Formula C18H9NO3 
Formula weight 287.27 
Crystal color, morphology pale yellow, block 
Crystal size / mm 0.40 x 0.30 x 0.20 
Crystal system Monoclinic 
Space group P21 (#4) 
a / Å 10.0772(13) 
b / Å 6.8136(6) 
c / Å 10.0712(13) 
β / degree 119.964(4) 
V / Å3 599.08(12) 
Z value 2 
T / K 123 
Dcalc / g cm−3 1.592 
F(000) 296.00 
µ / cm−1 1.10 (MoKα) 
No. of reflections measured 4450 
No. of unique reflections 1412 
No. of observed reflections 1367 (I > 2.00σ(I)) 
No. of variables 208 
Reflection/Parameter Ratio 6.57 
R1 [I > 2.00σ(I)]a 0.035 
Rwb 0.044c 
Goodness-of-fit 1.00 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|. b RW = [Σw(|Fo| − |Fc|)2/ΣwFo2]1/2. 
































3-5. Oxidation potentials of TOT 
 
The oxidation potentials of TOT were measured using cyclic voltammetry (Table 
3-2). TOT showed a reversible oxidation wave at E1/2 = +0.11 V vs. Fc/Fc+. This value 
was lower than those of lesser-bridged derivatives, triphenylamine TPA (Ep = +0.59 V), 
N-phenylphenoxazine MOT (E1/2 = +0.27 V), and 2,2′:6′,2″-dioxytriphenylamine DOT 
(E1/2 = +0.33 V), indicating higher electron-donating ability of TOT and stability of 
TOT·+. 
























 Compound E11/2 E21/2 
TOT +0.11 +0.59b 
DOT +0.33 — 
MOT +0.27 — 
TPA +0.59b — a) 0.1 M n-Bu4NClO4 in DMF, V vs. Fc/Fc+ = 0 V (0.48 V vs.
SCE), working electrode: glassy carbon, counter electrode:
platinum, reference electrode: SCE, scan rate: 50 mV/s. 




TOT DOT; X1, X2 = O
MOT; X1 = O, X2 = H, H




3-6. Syntheses of TOT radical cation salts (TOT·+MX4−) 
 
Chemical oxidation of TOT was performed with TH·+MX4− as an oxidant in a glove 
box (Scheme 3-5). Desired radical cation salts, TOT·+MX4−, were obtained in good 






















3-7. Structures and magnetic properties of TOT·+MX4− 
 
Single crystals of TOT·+MX4− were obtained from acetonitrile−diethyl ether solution; 
TOT·+MX4− were dissolved in acetonitrile in a small round flask. The flask was placed 
in a larger bottle containing diethyl ether. The bottle was capped and kept at room 
temperature for 1 day to give single crystals suitable for X-ray structure analysis. 
Crystallographic data of TOT·+MX4− were summarized in Table 3-3 and Table 3-4. All 
of TOT·+MX4− had similar molecular and packing structures. 
 
Molecular structure and spin density distribution of TOT·+ 
Figure 3-2 showed a molecular structure of TOT·+FeCl4−. TOT·+ was in a planar 
structure. Figure 3-3 showed the spin density map and values of TOT·+ obtained by the 
density functional theory calculations (UB3LYP/6-31G*) at the geometry of X-ray 
structure analysis. The spin delocalization in a whole molecule involving the oxygen 





 Table 3-3. Crystallographic data of TOT·+MCl4−. ‘‘Reproduced in part with












































 Compound TOT·+FeCl4− TOT·+GaCl4− 
Formula C18H9Cl4FeNO3 C18H9Cl4GaNO3 
ormula weight 484.93 498.81 
l color, morphology deep green, block deep green, block 
ystal size / mm 0.25 x 0.20 x 0.20 0.30 x 0.15 x 0.12 
rystal system Monoclinic Monoclinic 
Space group C2/c (#15) C2/c (#15) 
a / Å 22.743(6) 22.738(6) 
b / Å 12.608(3) 12.651(2) 
c / Å 16.053(4) 17.862(5) 
β / degree 129.009(3) 135.614(5) 
V / Å3 3576.8(14) 3594.1(14) 
Z value 8 8 
T / K 113 113 
Dcalc / g cm−3 1.801 1.844 
F(000) 1936.00 1976.00 
µ / cm−1 14.591 (MoKα) 21.448 (MoKα) 
reflections measured 17245 16869 
f unique reflections 3967 4037 
observed reflections 2876 (I > 2.00σ(I)) 3430 (I > 2.00σ(I)) 
o. of variables 253 253 
ion/Parameter Ratio 11.37 13.56 
 [I > 2.00σ(I)]a 0.041 0.031 
Rwb 0.044c 0.036d 
oodness-of-fit 1.00 0.99 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|. b RW = [Σw(|Fo| − |Fc|)2/ΣwFo2]1/2. 
c w = 1 / [0.0005Fo2 + 0.8000σ 2(Fo) + 0.5000] 
d w = 1 / [0.0002Fo2 + 1.0000σ 2(Fo) + 0.5000] 58
 
Table 3-4. Crystallographic data of TOT·+MBr4−.  
Compound TOT·+FeBr4− TOT·+GaBr4− 
Formula C18H9Br4FeNO3 C18H9Br4GaNO3 
Formula weight 662.74 676.61 
Crystal color, morphology deep green, block deep green, block 
Crystal size / mm 0.40 x 0.40 x 0.10 0.30 x 0.20 x 0.15 
Crystal system Monoclinic Monoclinic 
Space group C2/c (#15) C2/c (#15) 
a / Å 25.464(6) 23.222(4) 
b / Å 12.8296(17) 12.8613(17) 
c / Å 17.635(4) 16.773(3) 
β / degree 138.772(4) 130.476(2) 
V / Å3 3796.9(13) 3810.8(10) 
Z value 8 8 
T / K 93 93 
Dcalc / g cm−3 2.319 2.358 
F(000) 2512.00 2552.00 
µ / cm−1 92.573 (MoKα) 98.770 (MoKα) 
No. of reflections measured 17900 17721 
No. of unique reflections 4260 4247 
No. of observed reflections 3759 (I > 2.00σ(I)) 3754 (I > 2.00σ(I)) 
No. of variables 253 253 
Reflection/Parameter Ratio 14.86 14.84 
R1 [I > 2.00σ(I)]a 0.031 0.031 
Rwb 0.042c 0.039d 
Goodness-of-fit 0.99 1.00 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|. b RW = [Σw(|Fo| − |Fc|)2/ΣwFo2]1/2. 
c w = 1 / [0.0005Fo2 + 0.7000σ 2(Fo) + 0.5000] 

































































Figure 3-3. The spin density map and values (UB3LYP/6-31G*) of TOT·+ (blue;










O +0.0618  Figure 3-2. ORTEP drawing of TOT·+FeCl4− (side view). Hydrogen atoms and
FeCl4− are omitted for clarity.  
Packing structure and magnetic properties of TOT·+GaCl4− 
 
The packing structure of TOT·+GaCl4− was found to be a dimer of TOT·+ surrounded 
by eight GaCl4− counter anions (Figure 3-4). Several intermolecular short contacts 
smaller than the sum of van der Waals radii (3.54 Å) between the carbon atoms of 
TOT·+ (dotted line; 3.30–3.39 Å) were observed within the dimer. 
 
The temperature dependence of the paramagnetic susceptibility (χp) of TOT·+GaCl4− 
was measured for randomly oriented polycrystals in the temperature range of 1.9−298 K. 
The χpT−T plots are shown in Figure 3-5. The χpT value of TOT·+GaCl4− at room 
temperature was quite smaller (0.028 emu K mol−1) than the theoretical value (0.377 
emu K mol−1) of an S = 1/2 spin with g = 2.0040 (determined by EPR measurement for 
the powder sample). The χpT value decreased further as the temperature was lowered. 
The simulation using the ST-model (eq. 2)5 with 2J/kB ~ −1.3 × 103 K assuming 0.62% 
of Curie impurity well reproduced the experimental results. 






























 Figure 3-4. Packing diagram of TOT·+GaCl4−. Dotted lines show intermolecular













































Figure 3-5. The χpT−T plots of TOT·+GaCl4−.‘‘Reproduced with permission from
Inorg. Chem. 2007, 46, 10153−10157. Copyright 2007 American Chemical Society.’’ 
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Packing structure and magnetic properties of TOT·+FeCl4− 
 
The packing structure of TOT·+FeCl4− was similar to the GaCl4− salts. Several 
intermolecular short contacts smaller than the sum of van der Waals radii (3.54 Å) were 
observed between the carbon atoms within the TOT·+ dimer (dotted line; 3.29–3.39 Å). 
Additional short contacts were observed between the carbon atoms of TOT·+ and the 
chlorine atoms of FeCl4− (dotted line; 3.33–3.50 Å) and also between chlorine atoms of 
FeCl4− (dotted line; 3.44 Å). These contacts formed a one-dimensional columnar 
structure with an alternating stack of the TOT·+ dimer and the FeCl4− dimer along the c* 
axis (Figure 3-6). 
 
The temperature dependence of the paramagnetic susceptibility (χp) of TOT·+FeCl4− 
was measured for randomly oriented polycrystals in the temperature range of 1.9−298 K. 
The χpT−T plots are shown in Figure 3-7. The χpT value of TOT·+FeCl4− at room 
temperature was 4.47 emu K mol−1, which is close to the theoretical value (4.49 emu K 
mol−1) of FeCl4− with S = 5/2 and g = 2.0252 (determined by EPR measurement for the 
powder sample). There seems no contribution of TOT·+ (S =1/2), which is in accord 
with the result of TOT·+GaCl4−. The χpT values decreased as the temperature was 
lowered, indicating a weak antiferromagnetic interaction between FeCl4− anions. No 
magnetic phase transition was observed in this temperature range. The χpT values were 
reproduced using a parameter of 2J/kB = −1.76 K in a dimer model of S = 5/2 (eq.3). 






















Figure 3-6. Packing diagram of TOT·+FeCl4−. Dotted lines show intermolecular
short contacts. Hydrogen atoms are omitted for clarity. ‘‘Reproduced with permission















































Figure 3-7. The χpT−T plots of TOT·+FeCl4−.‘‘Reproduced with permission from
Inorg. Chem. 2007, 46, 10153−10157. Copyright 2007 American Chemical Society.’’ 
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Packing structure and magnetic properties of TOT·+GaBr4− 
 
The packing structure and the temperature dependence of the paramagnetic 
susceptibility (χp) of TOT·+GaBr4− were also similar to the GaCl4− salts (Figure 3-8 and 
Figure 3-9). Several intermolecular short contacts smaller than the sum of van der 
Waals radii (3.54 Å) were observed between C atoms within the TOT·+ dimer (dotted 
line; 3.29–3.40 Å). 
 
The χpT value of TOT·+GaBr4− at room temperature was quite smaller (0.031 emu K 
mol−1) than the theoretical value (0.376 emu K mol−1) of an S = 1/2 spin with g = 2.0030 
(determined by EPR measurement for the powder sample). The χpT value decreased 
further as the temperature was lowered. The simulation using the ST-model (eq. 2)5 with 
2J/kB ~ −1.3 × 103 K assuming 1.1% of Curie impurity well reproduced the 
experimental results. 































 Figure 3-8. Packing diagram of TOT·+GaBr4−. Dotted lines show intermolecular












































Figure 3-9. The χpT−T plots of TOT·+GaBr4−.  
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 Packing structure and magnetic properties of TOT·+FeBr4− 
 
The packing structure of TOT·+FeBr4− was similar to that of the FeCl4− salts. Several 
intermolecular short contacts smaller than the sum of van der Waals radii (3.54 Å) were 
observed between the carbon atoms within the TOT·+ dimer (dotted line; 3.29–3.40 Å). 
Additional short contacts were observed between the carbon atoms of TOT·+ and the 
bromine atoms of FeBr4− (dotted line; 3.41–3.61 Å) and also between the bromine 
atoms of FeBr4− (dotted line; 3.60 Å). These contacts formed one-dimensional columnar 
structure with an alternating stack of the TOT·+ dimer and the FeBr4− dimer along the a 
axis (Figure 3-10). 
 
The temperature dependence of the paramagnetic susceptibility (χp) of TOT·+FeBr4− 
was measured for randomly oriented polycrystals in the temperature range of 1.9−298 K. 
The χpT−T plots are shown in Figure 3-11. The χpT value of TOT·+FeBr4− at room 
temperature was 4.51 emu K mol−1, which is close to the theoretical value (4.57 emu K 
mol−1) of S = 5/2 and g = 2.0452 (determined by EPR measurement for the powder 
sample). There seems no contribution of TOT·+ (S =1/2), which is in accord with the 
result of TOT·+GaBr4−. The χpT values decreased as the temperature was lowered, 
indicating an antiferromagnetic interaction between FeBr4− anions. The magnetic 
susceptibilities for the zero-field-cooled (χp ZFC) sample and field-cooled (χp FC) sample 
were measured. The χp ZFC sample and the χp FC sample exhibited almost similar values, 
and the sharp drop of χp value was also observed around 8 K. These results indicates the 






















 Figure 3-10. Packing diagram of TOT
·+FeBr4−. Dotted lines show intermolecular


















































 Figure 3-11. The χpT−T plots of TOT·+FeBr4−. Inset; the χp−T plots. 
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3-8. Experimental section 
 
Characterization of all compounds was performed on the instruments shown in below. 
Melting point: Yanaco MP-J3 
1H NMR: BRUKER AVANCE-600 (600 MHz) 
JEOL JNM-LA400 (400 MHz) 
13C NMR: BRUKER AVANCE-600 (150 MHz) 
JEOL JNM-LA400 (100 MHz) 
Chemical shifts were reported on the δ value in ppm relative to tetramethylsilane 
(TMS) and coupling constants (J) were indicated in Hz. 
IR: SHIMADZU FTIR-8700 (P/N206-70700) 
MS: JEOL JMS-700T 
JEOL JMS-AX500 
Elemental analysis: PERKIN-ELMER 240C  
FISONS EA1108 
EPR: BRUKER ELEXSYS E500 
CV: Yanaco POLARLOGRAFIC ANALYZER P-1100 
ALS Electrochemical Analyzer MODEL 610A 
X-ray structure analysis: measured by Rigaku AFC7+Mercury CCD System, 
analyzed by Rigaku Crystal Structure ver.3.8. 
Magnetic susceptibility: Quantum Design SQUID magnetometer MPMS-XL 
XRD: Rigaku RAD (Cu-Kα) 
Analytical thin layer chromatography (TLC): Merck Art. Silica gel 60 F254 
Merck Art. Aluminium oxide 60 F254 
Column chromatography: Merck Art. 7734-5B Silica gel 60 
Merck Art. Aluminium oxide 90 Standardized 









 HO p-toluenesulfonic acid
dry THF










3,4-Dihydro-2H-pyran (13.1 mL, 147 mmol) was added to a stirred solution of 
anhydrous p-toluenesulfonic acid (131 mg, 0.761 mmol) in dry tetarahydrofuran (13.1 
mL) at 0 oC under an argon atmosphere. After 15 min, a mixture of 3-methoxyphenol 
(10a, 25.0 mL, 232 mmol) and 3,4-dihydro-2H-pyran (39.3 mL, 434 mmol) was added 
dropwise at 0 oC. The reaction mixture was stirred for 15 min at 0 oC, and then, diluted 
with diethyl ether (78 mL). The organic phase was washed in turn with aq. 10% sodium 
hydroxide, water, and saturated brine, and dried over anhydrous sodium sulfate. The 
solvent was removed and the residue was passed through a short silica gel column with 
benzene as an eluent to give pure 11a as a colorless oil (45.8 g, 95%). 
 
11a: C12H16O3; MW 208.25; colorless oil; 1H NMR (400 MHz, CDCl3): δ (ppm) 7.17 
(dd, 1H, J = 8.3, 8.1 Hz), 6.66 (ddd, 1H, J = 8.1, 2.3, 0.8 Hz), 6.63 (dd, 1H, J = 2.4, 2.3 
Hz), 6.54 (ddd, 1H, J = 8.3, 2.4, 0.8 Hz) 5.43−5.38 (m, 1H), 3.96−3.87 (m, 1H), 3.78 (s, 
3H), 3.64−3.56 (m, 1H), 2.05−1.52 (m, 6H); MS (EI+): m/z 208 (M+); IR (NaCl, cm−1): 
2943(s), 2835(w), 1603(s), 1491(s), 1454(m), 1389(w), 1356(m), 1285(s), 1263(s), 




 1. n-BuLi, 2 h










n-Butyllithium in n-hexane solution (1.58 M, 77.4 mL, 122 mmol) was added 
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dropwise to a stirred solution of 11a (21.2 g, 102 mmol) in dry diethyl ether (511 mL) at 
0 oC under an argon atmosphere. The ice bath was removed and the solution was stirred 
for 2 h at room temperature. Then, 1,2-dibromo-1,1,2,2-tetrafluoroethane (14.5 mL, 122 
mmol) was added dropwise and the mixture was stirred for 1 h at room temperature. 
The reaction mixture was poured into saturated brine and extracted with diethyl ether. 
The organic phase was dried over anhydrous magnesium sulfate. The solvent was 
removed and the residue was passed through a short silica gel column with benzene as 
an eluent to give crude 12a as a colorless oil (26.9 g, 92%, determined by NMR 
spectrum). This crude compound was used in the next step without further purification. 
Pure sample can be obtained by separation through a silica gel column with ethyl 
acetate : n-hexane = 1 : 19 as an eluent. 
 
12a: C12H15BrO3; MW 287.15; colorless oil; 1H NMR (400 MHz, CDCl3): δ (ppm) 7.19 
(dd, 1H, J = 8.4, 8.3 Hz), 6.80 (dd, 1H, J = 8.4, 1.0 Hz), 6.59 (dd, 1H, J = 8.3, 1.0 Hz), 
5.56−5.52 (m, 1H), 3.95−3.87 (m, 1H), 3.90 (s, 3H), 3.63−3.57 (m, 1H) 2.16−1.61 (m, 
6H); 13C NMR (100 MHz, CDCl3): δ (ppm) 157.11, 154.61, 128.04, 108.95, 105.18, 
102.64, 96.58, 61.73, 56.38, 30.13, 25.21, 18.23; MS (EI+): m/z 286 (M+); IR (NaCl, 
cm−1): 2945(s), 2839(w), 1593(s), 1472(s), 1389(w), 1356(m), 1325(w), 1294(m), 
1252(s), 1204(m), 1182(m), 1121(s), 1086(s), 1036(s), 980(m), 899(m), 874(m), 820(w), 
766(m), 708(w), 610(w); Anal. Calcd. for C12H15BrO3: C, 50.19; H, 5.27; Found: C, 















A crude oil 12a (26.9 g, 93.7 mmol) was dissolved in tetrahydrofuran (1158 mL) and 
aq. 1 M hydrochloric acid (232 mL) was added to the mixture. The mixture was stirred 
for 5 h at room temperature. The reaction mixture was concentrated under reduced 
pressure until almost all of tetrahydrofuran was removed. The concentrated aqueous 
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mixture was extracted with diethyl ether. The organic phase was washed with saturated 
brine, dried over anhydrous sodium sulfate, and filtered. The solvent of the filtrate was 
evaporated under reduced pressure and the residue was recrystallized from n-hexane to 
give 9a as white blocks (14.2 g, 75%). 
 
9a: C7H7BrO2; MW 203.03; white blocks; mp 78−79 oC; 1H NMR (400 MHz, CDCl3): 
δ (ppm) 7.17 (dd, 1H, J = 8.3, 8.2 Hz), 6.68 (dd, 1H, J = 8.2, 1.3 Hz), 6.48 (dd, 1H, J = 
8.3, 1.3 Hz), 5.64 (s, 1H, broad), 3.89 (s, 3H); MS (FAB+): m/z 202 (M+); IR (KBr, 
cm−1): 3396(m), 2974(w), 2841(w), 1593(s), 1475(s), 1450(m), 1313(m), 1265(m), 

















3,4-Dihydro-2H-pyran (15.9 mL, 176 mmol) was added to a stirred solution of 
anhydrous p-toluenesulfonic acid (158 mg, 0.918 mmol) in dry tetarahydrofuran (15.9 
mL) at 0 oC under an argon atmosphere. After 15 min, a mixture of 3-fluorophenol (10b, 
26.0 mL, 282 mmol) and 3,4-dihydro 2H-pyran (47.8 mL, 528 mmol) was added 
dropwise at 0 oC. The reaction mixture was stirred for 15 min at 0 oC, and then, diluted 
with diethyl ether (93 mL). The organic phase was washed in turn with aq. 10% sodium 
hydroxide, water, and saturated brine, and dried over anhydrous sodium sulfate. The 
solvent was removed, and the residue was recrystallized from n-hexane to give 11b as 
white blocks (51.5 g, 93%). 
 
11b: C11H13FO2; MW 196.22; white blocks; mp 47−48 oC; 1H NMR (400 MHz, CDCl3): 
δ (ppm) 7.25−7.17 (m, 1H), 6.86−6.76 (m, 2H), 6.72−6.65 (m, 1H), 5.42−5.38 (m, 1H), 
3.93−3.84 (m, 1H), 3.65−3.58 (m, 1H), 2.06−1.50 (m, 6H); MS (EI+): m/z 196 (M+); IR 
(KBr, cm−1): 2947(m), 2878(m), 1593(s), 1489(s), 1389(w), 1354(w), 1285(s), 1261(m), 
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1207(w), 1177(m), 1138(s), 1076(s), 1034(s), 949(m), 903(m), 853(m), 767(s), 683(m). 
 
2-(2-Bromo-3-fluorophenoxy)tetrahydropyran (12b) 
 1. n-BuLi, 2 h











To a stirred solution of 11b (20.9 g, 107 mmol) in dry tetrahydrofuran (524 mL) was 
added dropwise n-butyllithium in n-hexane solution (1.60 M, 80.6 mL, 129 mmol) at 
−78 oC under an argon atmosphere. The solution was stirred for 2 h at −78 oC and 
1,2-dibromo-1,1,2,2-tetrafluoroethane (15.2 mL, 128 mmol) was added dropwise 
keeping below −70 oC. The reaction mixture was stirred for 1 h at −78 oC, poured into 
saturated brine and extracted with diethyl ether. The organic phase was dried over 
anhydrous magnesium sulfate. The solvent was removed, and the residue was 
recrystallized from n-hexane to give 12b as white blocks (27.8 g, 95%). 
 
12b: C11H12BrFO2; MW 275.11; white blocks; mp 57.5−58.5 °C; 1H NMR (400 MHz, 
CDCl3): δ (ppm) 7.19 (ddd, 1H, J = 8.4, 8.2, 6.4 Hz), 6.95 (ddd, 1H, J = 8.4, 1.3, 1.2 
Hz), 6.78 (ddd, 1H, J = 8.3, 8.2, 1.2 Hz), 5.55−5.51 (m, 1H), 3.92−3.82 (m, 1H), 
3.65−3.58 (m, 1H), 2.15−1.60 (m, 6H); 13C NMR (100 MHz, CDCl3): δ (ppm) 160.00 
(JC-F = 245.2 Hz), 154.96 (JC-F = 3.3 Hz), 128.29 (JC-F = 9.0 Hz), 111.43 (JC-F = 2.5 Hz), 
109.16 (JC-F = 22.2 Hz), 100.65 (JC-F = 22.2 Hz), 96.79, 61.75, 30.02, 25.09, 18.13; MS 
(EI+): m/z 274 (M+); IR (KBr, cm−1): 2939(m), 2876(w), 1601(s), 1466(s), 1356(w), 
1296(w), 1281(w), 1244(s), 1202(m), 1184(m), 1119(s), 1022(s), 941(m), 907(s), 
872(m), 818(w), 772(s); Anal. Calcd. for C11H12BrFO2: C, 48.02; H, 4.40; Found: C, 



















To a solution of 12b (39.0 g, 142 mmol) in tetrahydrofuran (1650 mL) was added an 
aqueous solution of 1 M hydrochloric acid (334 mL) and the mixture was stirred 
overnight at room temperature. The reaction mixture was concentrated under reduced 
pressure until almost all of tetrahydrofuran was removed. The aqueous mixture was 
extracted with diethyl ether. The organic phase was washed with saturated brine and 
dried over anhydrous magnesium sulfate. After evaporation, the residue was passed 
through a short silica gel column with benzene as an eluent. The solvent was removed, 
and the residue was distilled (5 mmHg, 45−50 oC) to give 9b as a colorless oil (21.7 g, 
80%). 
 
9b: C6H4BrFO; MW 191.00; colorless oil; 1H NMR (400 MHz, CDCl3): δ (ppm) 7.19 
(ddd, 1H, J = 8.3, 8.2, 6.3 Hz), 6.83 (ddd, 1H, J = 8.3, 1.4, 1.2 Hz), 6.72 (ddd, 1H, J = 

















Sodium hydride (2.64 g, 66.0 mmol, 60% in oil) was washed with n-hexane and dried 
under vacuum. The sodium hydride and dry dimethyl sulfoxide (125 mL) were heated at 
65−70 oC for 1 h under a nitrogen atmosphere. Compound 9a (13.4 g, 66.0 mmol) was 
added and the mixture was stirred for 1 h at the same temperature. Compound 3b (9.98 
g, 62.7 mmol) was added and the mixture was stirred for 2.5 h at 130 oC. The reaction 
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mixture was poured into water and extracted with dichloromethane. The organic phase 
was washed with water and saturated brine, and then dried over anhydrous sodium 
sulfate. The solvent was removed and the residue was washed with small amount of 
ethanol to give 13 as a light brown powder (17.9 g, 83%). Pure sample was obtained as 
a white powder by recrystallization from ethanol. 
 
13: C13H9BrFNO4; MW 342.12; white powder; mp 144−145 °C; 1H NMR (400 MHz, 
DMSO-d6): δ (ppm) 7.60 (ddd, 1H, J = 8.7, 8.6, 6.4 Hz), 7.46 (dd, 1H, J = 8.4, 8.3 Hz), 
7.35 (ddd, 1H, J = 8.8, 8.7, 1.0 Hz), 7.09 (dd, 1H, J = 8.4, 1.2 Hz), 6.93 (dd, 1H, J = 8.3, 
1.2 Hz), 6.72 (ddd, 1H, J = 8.6, 1.2, 1.0 Hz), 3.91 (s, 3H); 13C NMR (100 MHz, CDCl3): 
δ (ppm) 157.81, 154.48 (JC-F = 256.6 Hz), 152.25, 150.12 (JC-F = 2.5 Hz), 131.80 (JC-F = 
9.1 Hz), 131.37 (JC-F = 15.6 Hz), 128.91, 114.00, 112.43 (JC-F = 4.1 Hz), 110.51 (JC-F = 
19.0 Hz), 109.04, 105.49, 56.55; MS (FAB+): m/z 341 (M+), 342 ([M+H]+); IR (KBr, 
cm−1): 3098(w), 2839(w), 1618(m), 1603(m), 1589(m), 1541(s), 1472(s), 1437(m), 
1367(m), 1290(w), 1279(w), 1250(s), 1086(s), 1032(w), 924(w), 854(w), 791(m), 
745(w); Anal. Calcd. for C13H9BrFNO4: C, 45.64; H, 2.65; N, 4.09; Found: C, 45.43; H, 




















Sodium hydride (2.31 g, 57.8 mmol, 60% in oil) was washed with n-hexane and dried 
under vacuum. The sodium hydride in dry dimethyl sulfoxide (100 mL) were heated at 
65−70 oC for 1 h under a nitrogen atmosphere. Then, compound 9b (11.0 g, 57.6 mmol) 
was added and the mixture was stirred for 1 h at the same temperature. Compound 13 
(16.5 g, 48.2 mmol) was added and stirred for 3 h at 130 oC. After cooling to room 
temperature, the reaction mixture was poured into water and extracted with ethyl acetate. 
The organic phase was washed with water and saturated brine, and dried over anhydrous 
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sodium sulfate. The solvent was removed and the residue was washed with small 
amount of ethanol to give 14 as a white powder (21.3 g, 86%). Pure sample was 
obtained by recrystallization from ethanol. 
 
14: C19H12Br2FNO5; MW 513.11; white powder; mp 179−180 °C; 1H NMR (400 MHz, 
DMSO-d6): δ (ppm) 7.54 (ddd, 1H, J = 8.5, 8.3, 6.3 Hz), 7.46 (dd, 1H, J = 8.4, 8.3 Hz), 
7.46 (dd, 1H, J = 8.5, 8.5 Hz), 7.35 (ddd, 1H, J = 8.5, 8.4, 1.2 Hz), 7.17 (ddd, 1H, J = 
8.3, 1.2, 1.2 Hz), 7.08 (dd, 1H, J = 8.4, 1.2 Hz), 6.92 (dd, 1H, J = 8.3, 1.2 Hz), 6.74 (dd, 
1H, J = 8.5, 0.9 Hz), 6.64 (dd, 1H, J = 8.5, 0.9 Hz), 3.91 (s, 3H); 13C NMR (100 MHz, 
CDCl3): δ (ppm) 160.42 (JC-F = 247.7 Hz), 157.86, 153.41 (JC-F = 3.3 Hz), 152.65, 
150.02, 149.29, 134.00, 131.11, 129.04 (JC-F = 9.9 Hz), 128.87, 116.78 (JC-F = 3.3 Hz), 
114.13, 113.19 (JC-F = 22.2 Hz), 111.59, 111.39, 108.91, 105.70, 103.64 (JC-F = 22.2 Hz), 
56.66; MS (FAB+): m/z 511 (M+), 512 ([M+H]+); IR (KBr, cm−1): 3090(w), 2841(w), 
1587(s), 1543(s), 1462(s), 1373(m), 1298(w), 1279(m), 1252(s), 1236(s), 1086(s), 
1051(m), 1040(m), 978(w), 918(w), 853(w), 797(m), 741(w), 708(w); Anal. Calcd. for 

























The mixture of 14 (13.6 g, 26.5 mmol), 5% palladium carbon (1.89 g), 
4-bromophenol (45.8 g, 265 mmol), and hydrazine monohydrate (37.2 mL, 767 mmol) 
in ethanol (700 mL) was refluxed for 2 h under a nitrogen atmosphere. After cooling to 
room temperature, palladium carbon was filtered off and the filtrate was concentrated to 
remove most of ethanol under reduced pressure. The residue was poured into water and 
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extracted with diethyl ether. The organic phase was washed with aq. sodium hydroxide, 
water, saturated brine, and dried over anhydrous magnesium sulfate. The solvent was 
removed and the residue was recrystallized from ethanol to give 15 as a white powder 
(10.8 g, 85%). 
 
15: C19H14Br2FNO3; MW 483.13; white powder; mp 110−111 °C; 1H NMR (400 MHz, 
CDCl3): δ (ppm) 7.24−7.15 (m, 2H), 6.89 (ddd, 1H, J = 8.2, 8.2, 1.2 Hz), 6.73−6.61 (m, 
5H), 6.58 (dd, 1H, J = 8.3, 1.2 Hz), 4.00 (s, 2H, broad), 3.94 (s, 3H); 13C NMR (100 
MHz, CDCl3): δ (ppm) 160.33 (JC-F = 246.0 Hz), 157.60, 155.41 (JC-F = 3.3 Hz), 154.80, 
144.32, 143.42, 130.98, 128.61 (JC-F = 9.1 Hz), 128.40, 117.06, 115.60, 115.55, 112.95 
(JC-F = 3.3 Hz), 110.84, 110.83 (JC-F = 22.2 Hz), 106.81, 103.44, 101.22 (JC-F = 23.0 Hz), 
56.57; MS (FAB+): m/z 481 (M+), 482 ([M+H]+); IR (KBr, cm−1): 3493(w), 3396(w), 
2835(w), 1622(w), 1585(s), 1499(m), 1460(s), 1433(m), 1277(m), 1236(s), 1165(s), 
1130(s), 1080(s), 1040(w), 1013(s), 901(w), 793(m), 766(w), 725(w), 696(w); Anal. 

























Sodium t-butoxide (5.37 g, 55.9 mmol), tris(dibenzylideneacetone)dipalladium 
(0.964 g, 0.931 mmol), and tri-t-butylphosphine in a dry toluene solution (0.184 M, 7.60 
mL, 1.40 mmol) was mixed under a nitrogen atmosphere. Then, dry toluene (30 mL) 
was added, and the mixture was stirred for about 15 min at room temperature. To this 
mixture, a solution of 15 (9.00 g, 18.6 mmol) in dry toluene (330 mL) was added and 
refluxed for 3 h. The mixture was filtered off and washed with hot toluene several times. 
The filtrate was evaporated under reduced pressure and the residue was passed through 
 77
a silica gel column with ethyl acetate : n-hexane = 1 : 19 as an eluent. The solvent was 
removed and the obtained oil was crystallized with n-hexane to give 16 as a white 
powder (2.07 g, 35%). 
 
16: C19H12FNO3; MW 321.30; white powder; mp 135−136 °C; 1H NMR (600 MHz, 
CDCl3): δ (ppm) 6.93 (t, 1H, J = 8.3 Hz), 6.87−6.79 (m, 2H), 6.77−6.71 (m, 2H), 6.64 
(d, 1H, J = 8.3 Hz), 6.62−6.57 (m, 3H), 3.72 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 
(ppm) 152.56 (JC-F = 246.8 Hz), 150.68 (JC-F = 2.7 Hz), 149.39 (JC-F = 5.0 Hz), 149.10, 
146.65, 146.41, 123.79, 123.28, 123.17, 121.84 (JC-F = 9.1 Hz), 120.98 (JC-F = 12.8 Hz), 
119.11 (JC-F = 1.0 Hz), 111.98 (JC-F = 2.7 Hz), 111.33, 111.15, 111.01 (JC-F = 20.2 Hz), 
109.38, 107.49, 55.55; MS (FAB+): m/z 321 (M+); IR (KBr, cm−1): 2841(w), 1624(w), 
1597(w), 1514(s), 1485(s), 1468(s), 1456(s), 1344(m), 1323(m), 1294(m), 1275(m), 
1263(s), 1240(w), 1090(s), 1028(m), 1011(m), 770(m), 716(m); Anal. Calcd. for 




















Compound 16 (1.22 g, 3.80 mmol) was dissolved in dry dichloromethane (75 mL) at 
room temperature under a nitrogen atmosphere. The solution was cooled to −78 oC, and 
then boron tribromide (1.8 mL, 19.0 mmol) was added. The reaction mixture was 
gradually warmed up to room temperature by 16 h and poured into water. The aqueous 
mixture was extracted with dichloromethane. The organic phase was washed with water 
and saturated brine, and dried over anhydrous sodium sulfate. The solvent was removed 
and the residue was passed through a short silica gel column with dichloromethane as 
an eluent to give 17 as a crude light yellow powder (1.16 g, 99%). Since this material 
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was unstable, crude material was used in the next step without further purification. 
 
17: C18H10FNO3; MW 307.28; light yellow powder (crude); 1H NMR (400 MHz, 
CDCl3): δ (ppm) 6.90−6.80 (m, 3H), 6.80−6.72 (m, 2H), 6.63−6.51 (m, 4H), 4.53 (s, 1H, 
broad); MS (FAB+): m/z 307 (M+); IR (KBr, cm−1): 3549(w), 1624(w), 1599(w), 
1520(m), 1506(m), 1483(s), 1470(s), 1456(s), 1356(m), 1329(m), 1263(m), 1069(m), 
1018(s), 770(m), 714(m); Anal. Calcd. for C18H10FNO3: C, 70.36; H, 3.28; N, 4.56; 




















Crude 17 (1.16 g, 3.78 mmol) was dissolved in N,N-dimethylformamide (35 mL). 
Potassium carbonate (0.789 g, 5.71 mmol) was added. The mixture was stirred 
overnight at room temperature. The reaction mixture was poured into water and 
extracted with dichloromethane. The organic phase was washed with water and 
saturated brine, and dried over anhydrous sodium sulfate. The solvent was removed 
under reduced pressure and the residue was passed through a silica gel column with 
benzene as an eluent. After evaporation of the solvent, the residue was recrystallized 
from toluene to give pure TOT as yellow needles (1.01 g, 92%). 
 
TOT: C18H9NO3; MW 287.27; yellow needles; mp 291.0−291.5 °C; 1H NMR (400 
MHz, C6D6): δ (ppm) 6.27 (dd, 1H, J = 8.4, 8.4 Hz), 6.26 (dd, 2H, J = 8.4, 1.2 Hz); 13C 
NMR (100 MHz, C6D6): δ (ppm) 142.67, 123.65, 117.12, 111.44; MS (FAB+): m/z 287 
(M+); IR (KBr, cm−1): 1622(m), 1599(w), 1506(s), 1481(s), 1337(s), 1317(m), 1265(s), 
1069(m), 1018(s), 760(m), 714(w), 538(w); Anal. Calcd. for C18H9NO3: C, 75.26; H, 
3.16; N, 4.88. Found: C, 74.97; H, 3.03; N, 4.82. 
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2,2′:6′,2″:6″,6-Trioxytriphenylaminium tetrachloroferrate (TOT·+FeCl4−) 
The following procedure was carried out in a glove box. To a solution of TOT (74.4 
mg, 0.259 mmol) in dichloromethane (50 mL) was added a solution TH·+FeCl4− (108 
mg, 0.261 mmol) in acetonitrile (50 mL) at room temperature. After stirring for 30 min, 
the solvent was removed under reduced pressure. The residue was dissolved in a 
minimum amount (3 mL) of acetonitrile. Then, diethyl ether (30 mL) was added into the 
acetonitrile solution. TOT·+FeCl4− was obtained as deep green precipitates (102 mg, 
81% yield). This compound was recrystallized from acetonitrile−diethyl ether as 
follows: TOT·+FeCl4− was dissolved in acetonitrile in a small round flask. The flask was 
placed in a larger bottle containing diethyl ether. The bottle was capped and kept at 
room temperature for 1 day to give single crystals suitable for X-ray structure analysis. 
 
TOT·+FeCl4−; C18H9Cl4FeNO3; MW 484.93; deep green blocks; mp ca. 288 °C 
(decomp.); EPR (powder) g = 2.0252 as a broad and monotonic signal with a width of 
135 G at half height; MS (FAB+): m/z 287 [C18H9NO3+], (FAB−): m/z 198 [FeCl4−]; IR 
(KBr, cm−1): 3074(w), 1607(m), 1589(s), 1501(s), 1333(m), 1275(m), 1159(w), 1072(s), 
1028(s), 893(w), 787(m), 721(w), 554(m); Anal. Calcd. for C18H9Cl4FeNO3: C, 44.58; 
H, 1.87; N, 2.89. Found: C, 44.55; H, 1.76; N, 2.83. 
 
2,2′:6′,2″:6″,6-Trioxytriphenylaminium tetrachlorogallate (TOT·+GaCl4−) 
The following procedure was carried out in a glove box. To a solution of TOT (75.1 
mg, 0.261 mmol) in dichloromethane (40 mL) was added a solution TH·+GaCl4− (112 
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mg, 0.262 mmol) in acetonitrile (40 mL) at room temperature. After stirring for 30 min, 
the solvent was removed under reduced pressure. The residue was dissolved in a 
minimum amount (3 mL) of acetonitrile. Then, diethyl ether (30 mL) was added into the 
acetonitrile solution. TOT·+GaCl4− was obtained as deep green precipitates (105 mg, 
81% yield). This compound was recrystallized from acetonitrile−diethyl ether as 
follows: TOT·+GaCl4− was dissolved in acetonitrile in a small round flask. The flask 
was placed in a larger bottle containing diethyl ether. The bottle was capped and kept at 
room temperature for 1 day to give single crystals suitable for X-ray structure analysis. 
 
TOT·+GaCl4−; C18H9Cl4GaNO3; MW 498.80; deep green blocks; mp > 300 °C; EPR 
(powder) g = 2.0040 as a monotonic signal with a width of 4.7 G at half height; MS 
(FAB+): m/z 287 [C18H9NO3+], (FAB−): m/z 211 [GaCl4−]; IR (KBr, cm−1): 3076(w), 
1609(m), 1589(s), 1501(s), 1333(m), 1275(m), 1159(w), 1072(s), 1028(s), 893(w), 
787(m), 721(w), 554(m); Anal. Calcd. for C18H9Cl4GaNO3: C, 43.34; H, 1.82; N, 2.81. 
Found: C, 43.54; H, 1.94; N, 2.65. 
 
2,2′:6′,2″:6″,6-Trioxytriphenylaminium tetrabromoferrate (TOT·+FeBr4−) 
The following procedure was carried out in a glove box. To a solution of TOT (15.0 
mg, 0.0522 mmol) in dichloromethane (15 mL) was added a suspension of TH·+FeBr4− 
(30.9 mg, 0.0522 mmol) in acetonitrile (25 mL) at room temperature. After stirring for 
30 min, the solvent was removed under reduced pressure. The residue was dissolved in 
a minimum amount (2 mL) of acetonitrile. Then, diethyl ether (40 mL) was added into 
the acetonitrile solution. The solution was kept at –30 oC for 1 day. TOT·+FeBr4− was 
obtained as deep green precipitates (28.0 mg, 81% yield). This compound was 
recrystallized from acetonitrile−diethyl ether as follows: TOT·+FeBr4− was dissolved in 
acetonitrile in a small round flask. The flask was placed in a larger bottle containing 
diethyl ether. The bottle was capped and kept at room temperature for 1 day to give 
single crystals suitable for X-ray structure analysis. 
 
TOT·+FeBr4−; C18H9Br4FeNO3; MW 662.73; deep green blocks; mp > 300 °C; EPR 
(powder) g = 2.0452 as a broad and monotonic signal with a width of 591 G at half 
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height; MS (FAB+): m/z 287 [C18H9NO3+], (FAB−): m/z 376 [FeBr4−]; IR (KBr, cm−1): 
3071(w), 1607(m), 1587(s), 1501(s), 1333(m), 1275(m), 1159(w), 1070(s), 1028(s), 
785(m), 552(m); Anal. Calcd. for C18H9Br4FeNO3: C, 32.62; H, 1.37; N, 2.11. Found: C, 
32.86; H, 1.30; N, 2.02. 
 
2,2′:6′,2″:6″,6-Trioxytriphenylaminium tetrabromogallate (TOT·+GaBr4−) 
The following procedure was carried out in a glove box. To a solution of TOT (29.2 
mg, 0.102 mmol) in dichloromethane (30 mL) was added a suspension of TH·+GaBr4− 
(62.1 mg, 0.103 mmol) in acetonitrile (60 mL) at room temperature. After stirring for 30 
min, the solvent was removed under reduced pressure. The residue was dissolved in a 
minimum amount (4.5 mL) of acetonitrile. Then, diethyl ether (60 mL) was added into 
the acetonitrile solution. The solution was kept at –30 oC for 1 day. TOT·+GaBr4− was 
obtained as deep green precipitates (58.0 mg, 84% yield). This compound was 
recrystallized from acetonitrile−diethyl ether as follows: TOT·+GaBr4− was dissolved in 
acetonitrile in a small round flask. The flask was placed in a larger bottle containing 
diethyl ether. The bottle was capped and kept at room temperature for 1 day to give 
single crystals suitable for X-ray structure analysis. 
 
TOT·+GaBr4−; C18H9Br4GaNO3; MW 676.61; deep green blocks; mp > 300 °C; EPR 
(powder) g = 2.0030 as a monotonic signal with a width of 13.1 G at half height; MS 
(FAB+): m/z 287 [C18H9NO3+], (FAB−): m/z 389 [GaBr4−]; IR (KBr, cm−1): 3072(w), 
1607(m), 1589(s), 1501(s), 1333(m), 1275(m), 1159(w), 1072(s), 1028(s), 891(w), 
785(m), 719(w), 552(m); Anal. Calcd. for C18H9Br4GaNO3: C, 31.95; H, 1.34; N, 2.07. 
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~ Chapter 4 ~ 
Syntheses and magnetic properties of radical-substituted 




Magnetic properties of DOT·+MX4− and TOT·+MX4− (M = Fe, Ga; X = Cl, Br) were 
investigated in Chapter 2 and Chapter 3, in which showed that DOT·+FeCl4−, 
DOT·+FeBr4−, and TOT·+FeBr4− were shown to exhibit antiferromagnetic phase 
transitions at low temperatures. The antiferromagnetic interactions between these radical 
cations and FeX4 are considered to be not so strong, although the interaction values have 
not explicitly been determined; the value 2J/kB is likely to be in the order of –10 K 
judging from TN and the shape of χpT−T plots. For the radical-substituted radical ion 
salts, we selected nitronyl nitroxide as a stable radical moiety (DOTNN, TOTNN) with 
expectation of strong intramolecular ferromagnetic interactions between nitronyl 
nitroxide radical and DOT·+ or TOT·+. The expected intramolecular magnetic 
interactions between the nitronyl nitroxide and the radical cation moieties for these 
systems, DOTNN·+FeX4− and TOTNN·+FeX4−, are thought to be larger than the 
intermolecular interaction between the radical cation and FeX4 moieties, thus a 
ferrimagnetic type magnetic interaction may be possible for the radical-substituted 
radical cation-FeX4 chain in an ideal and simplest case. However, as a matter of facts, it 
is likely that the nitronyl nitroxide moiety may induce additional intermolecular 
















the nitronyl nitroxide moiety and radical cation moiety of another molecule, and ii) the 
interaction between the nitronyl nitroxides. These magnetic interactions would affect the 
overall magnetic property. The intermolecular interaction between nitronyl nitroxide and 
FeX4 may be unlikely because of the electrostatic repulsion. 
Although the field of molecule-based magnets has recently revealed considerable 
development in finding various magnetic properties and magnets, the magnetic 
properties of three-heterospin systems seem to be unprecedented. In this chapter, I 
describe the first ferrimagnet of the three-spin system (TOTNN·+FeCl4−) based on the 


































4-2. Synthesis of (nitronyl nitroxide)-substituted DOT (DOTNN) 
 
Synthesis of DOTNN is outlined in Scheme 4-1. Formylation of DOT under 
Vilsmeier reaction conditions gave 18 in 70% yield. Structural isomer 18′ was obtained 
in only 2% yield. Condensation reaction of 18 with 2,3-diamino-2,3-dimethylbutane1 
afforded 19 in quantitative yield. Compound 19 was used in the next step without 
further purification. Oxidation of 19 was achieved using MCPBA and sodium periodate1 


































1. MCPBA 1 h






























4-3. Synthesis of (nitronyl nitroxide)-substituted TOT (TOTNN) 
 
TOTNN was synthesized in the same manner for the synthesis of DOTNN (Scheme 
4-2). Formylation of TOT under Vilsmeier reaction conditions gave 20 in 70% yield. 
Condensation reaction of 20 with 2,3-diamino-2,3-dimethylbutane afforded 21 in 
quantitative yield. Compound 21 was used in the next step without further purification. 
Oxidation of 21 was achieved using MCPBA and sodium periodate to give desired 










































1. MCPBA 1 h



















4-4. Oxidation potentials of DOTNN and TOTNN 
 
Oxidation potentials of DOTNN and TOTNN were measured using cyclic 
voltammetry (Table 4-1). DOTNN showed a first reversible oxidation wave at E11/2 = 
+0.27 V vs. Fc/Fc+ due to the oxidation of the nitronyl nitroxide moiety, whereas 
TOTNN showed a first reversible oxidation wave at E11/2 = +0.17 V due to the 
oxidation of the TOT moiety. These results indicate that only TOTNN gives the desired 
radical-substituted radical cation species. 



























 Compound E11/2 E21/2 
DOTNN +0.27 +0.51 
TOTNN +0.17 +0.43 
DOT +0.33 — 
TOT +0.11 +0.59b 
PhNN +0.27 — a) 0.1 M n-Bu4NClO4 in DMF, V vs. Fc/Fc+ = 0 V (0.48 V vs.
SCE), working electrode: glassy carbon, counter electrode:
platinum, reference electrode: SCE, scan rate: 50 mV/s. 



















4-5. Syntheses of TOTNN radical cation salts (TOTNN·+MCl4−) 
 
Chemical oxidation of TOTNN was performed with TH·+MCl4− as an oxidant in a 
glove box (Scheme 4-3). Desired radical cation salts, TOTNN·+MCl4−, were obtained in 

































4-6. Structures and magnetic properties of TOTNN·+MCl4− 
 
Single crystals of TOTNN·+MCl4− were obtained from acetonitrile−diethyl ether 
solution; TOTNN·+MX4− was dissolved in acetonitrile in a small round flask. The flask 
was placed in a larger bottle containing diethyl ether. The bottle was capped and kept at 
room temperature for 2 days to give single crystals suitable for X-ray structure analysis. 
Crystallographic data of TOTNN·+MCl4− were summarized in Table 4-2. Both 
TOTNN·+FeCl4− and TOTNN·+GaCl4− had similar molecular and packing structures. 
 
Molecular structure and spin density distribution of TOTNN·+ 
Figure 4-1 showed molecular structure of TOTNN·+. TOT·+ moiety of TOTNN·+ had 
a highly planar structure. The dihedral angle between nitronyl nitroxide (plane; 
O−N−C−N−O) and TOT·+ was found to be 28.22º. Figure 4-2 shows the spin density 
map and values of TOTNN·+ obtained by the density functional theory calculations 
(UB3LYP/6-31G*) at the geometry of X-ray structure analysis. The phase of spin 
density of nitronyl nitroxide and TOT·+ is arranged in alternate plus, minus fashion, 
indicating a co-operative strong intramolecular ferromagnetic interaction between 
nitronyl nitroxide and TOT·+. 
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 Compound TOTNN·+FeCl4−. TOTNN·+GaCl4−. 
Formula C25H20Cl4FeN3O5 C25H20Cl4GaN3O5 
ormula weight 640.11 653.98 
l color, morphology deep green, platelet deep green, platelet 
ystal size / mm 0.29 x 0.27 x 0.11 0.27 x 0.27 x 0.08 
rystal system Orthorhombic Orthorhombic 
Space group Pbca (#61) Pbca (#61) 
a / Å 14.8839(8) 14.8738(10) 
b / Å 12.7258(7) 12.7518(7) 
c / Å 28.1571(16) 28.1271(19) 
V / Å3 5333.2(5) 5334.8(6) 
Z value 8 8 
T / K 93 93 
Dcalc / g cm−3 1.594 1.628 
F(000) 2600.00 2640.00 
µ / cm−1 10.073 (MoKα) 14.737 (MoKα) 
reflections measured 37806 37373 
f unique reflections 6063 5992 
observed reflections 4965 (I > 2.00σ(I)) 4736 (I > 2.00σ(I)) 
o. of variables 363 363 
ion/Parameter Ratio 13.68 13.05 
 [I > 2.00σ(I)]a 0.037 0.046 
Rwb 0.051c 0.050d 
oodness-of-fit 1.00 1.00 
a R1 = Σ||Fo| - |Fc||/Σ|Fo|. b RW = [Σw(|Fo| - |Fc|)2/ΣwFo2]1/2. 
c w = 1 / [0.0002Fo2 + 1.8700σ 2(Fo) + 0.5000] 































Figure 4-1. ORTEP drawings of TOTNN·+FeCl4− (
Hydrogen atoms and FeCl4− are omitted for clarity.
 
 




















































Figure 4-2. The spin density map and values (UB3LYP/6-31G*) of TOTNN·+ (blue;
positive spin density, green; negative spin density). Hydrogen atoms are omitted for
clarity.   
 Atoms Values Atoms Values 
C1 +0.0613 C11 −0.2026 
C2 −0.0439 C12 −0.0147 
C3 +0.0898 C13 +0.0185 
C4 −0.0426 C14 +0.0042 
C5 +0.0598 N1 +0.2971 
C6 +0.0127 N2 +0.2682 
C7 +0.0210 O1 +0.0536 
C8 +0.0638 O2 +0.0532 
C9 −0.0715 O3 +0.3935 
C10 +0.1287   92
Packing structure and magnetic properties of TOTNN·+GaCl4− 
 
The packing structures of TOTNN·+GaCl4− were shown in Figure 4-3. TOTNN·+ and 
GaCl4− formed a one-dimensional chain along the b axis, respectively. Several 
intermolecular short contacts smaller than the sum of van der Waals radii between the 
TOTNN·+ chains were also observed along the a and c axes. These contacts led to the 



























 Figure 4-3. Packing diagrams of TOTNN·+GaCl4−. Dotted lines show intermolecular
short contacts between TOTNN·+s. Hydrogen atoms are omitted for clarity.  
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The temperature dependence of the paramagnetic susceptibility (χp) of 
TOTNN·+GaCl4− was measured for randomly oriented polycrystals in the temperature 
range of 1.9−298 K. The χpT−T plots are shown in Figure 4-4. As the temperature was 
lowered (r.t. → ca. 200 K), the χpT value of TOTNN·+GaCl4− slightly increased 
gradually and approached to the theoretical value of S = 1 spin with g = 2.0053 (1.005 
emu K mol−1), indicating a relatively strong ferromagnetic interaction (2J/kB ~ several 
hundred K) due to the intramolecular ferromagnetic interaction between nitronyl 
nitroxide and the radical cation moiety.  Further lowering of the temperature led to a 
decrease of the χpT values. But importantly, the molar magnetic moment rapidly 
increased below 3 K under a low applied magnetic field of 10 G (Figure 4-5), and 
magnetic hysteresis was also observed at 1.9 K (Figure 4-6). These results suggest that 























































































































Packing structure and magnetic properties of TOTNN·+FeCl4− 
 
The packing structure of TOTNN·+FeCl4− was found to be isostructural to the GaCl4− 
salt (Figure 4-7). TOTNN·+ and FeCl4− formed a one-dimensional chain along the b 
axis, respectively. Several intermolecular short contacts smaller than the sum of van der 
Waals radii between the TOTNN·+ chains were also observed along the a and c axes. 
Intermolecular short contacts between TOTNN·+ and FeCl4− were also observed. These 



























Figure 4-7. Packing diagram of TOTNN·+FeCl4−. Dotted lines show intermolecular
short contacts. Hydrogen atoms are omitted for clarity. 
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The temperature dependence of the paramagnetic susceptibility (χp) of 
TOTNN·+FeCl4− was measured for randomly oriented polycrystals in the temperature 
range of 1.9−298 K. The χpT−T plots are shown in Figure 4-8. As the temperature was 
lowered (r.t. → ca. 200 K), the χpT value of TOTNN·+FeCl4− slightly increased and 
approached to the sum of the theoretical value of S = 1 and S = 5/2 spin with g = 2.0208 
(5.49 emu K mol−1). Lowering of the temperature from ca. 200 K to ca. 30 K led to a 
decrease of the χpT values. When temperature was further lowered below 30 K, the χpT 
value drastically increased. In order to obtain an insight into the sharp rise of χpT, the 
magnetic susceptibilities under the zero-field-cooled (ZFC) and field-cooled (FC) 
conditions (H = 10 G) were measured in the temperature range of 1.9−5.0 K (Figure 
4-9). The χpT value under the ZFC conditions was smaller than that of the FC 



















































Figure 4-8. The χpT−T plots of TOTNN·+FeCl4−.  
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Magnetic hysteresis loop was observed at 1.9 K (Figure 4-10). These results indicate 
that TOTNN·+FeCl4− exhibits a ferrimagnetic phase transition around 3.5 K. This is the 
first ferrimagnet based on radical-substituted radical cations. 
 


































































Figure 4-10. The M−H plots of TOTNN·+FeCl4−.  
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4-7. Experimental section 
 
Characterization of all compounds was performed on the instruments shown in below. 
Melting point: Yanaco MP-J3 
1H NMR: BRUKER AVANCE-600 (600 MHz) 
JEOL JNM-LA400 (400 MHz) 
13C NMR: BRUKER AVANCE-600 (150 MHz) 
JEOL JNM-LA400 (100 MHz) 
Chemical shifts were reported on the δ value in ppm relative to tetramethylsilane 
(TMS) and coupling constants (J) were indicated in Hz. 
IR: SHIMADZU FTIR-8700 (P/N206-70700) 
MS: JEOL JMS-700T 
JEOL JMS-AX500 
Elemental analysis: PERKIN-ELMER 240C  
FISONS EA1108 
EPR: BRUKER ELEXSYS E500 
CV: Yanaco POLARLOGRAFIC ANALYZER P-1100 
ALS Electrochemical Analyzer MODEL 610A 
X-ray structure analysis: measured by Rigaku AFC7+ Mercury CCD System, 
analyzed by Rigaku Crystal Structure ver.3.8. 
Magnetic susceptibility: Quantum Design SQUID magnetometer MPMS-XL 
Analytical thin layer chromatography (TLC): Merck Art. Silica gel 60 F254 
Merck Art. Aluminium oxide 60 F254 
Column chromatography: Merck Art. 7734-5B Silica gel 60 
Merck Art. Aluminium oxide 90 Standardized 

























DOT (3.0 g, 11.0 mmol) was suspended in dry 1,4-dioxane (225 mL) under nitrogen. 
Dry N,N-dimethylformamide (85 mL) and phosphoryl chloride (103 mL) were added, 
respectively. The reaction mixture was refluxed for 3 h. After cooling to room 
temperature, the reaction mixture was poured into 10% aq. sodium hydroxide, extracted 
with dichloromethane. The organic phase was washed with water and saturated brine, 
dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure. 
The residue was absorbed on silica gel with dichloromethane, purified by silica gel 
column chromatography with toluene as an eluent. The solvent was removed to give 18 
as a yellow powder (2.32 g, 70%). Pure sample was obtained by recrystallization from 
ethanol. 
 
18; C19H11NO3; MW 301.30; yellow powder; mp 216−217 °C; 1H NMR (600 MHz, 
CDCl3): δ (ppm) 9.78 (s, 1H), 7.46 (dd, 1H, J = 8.3, 1.5 Hz), 7.41 (d, 1H, J = 8.3 Hz), 
7.36 (d, 1H, J = 1.5 Hz), 7.35 (dd, 1H, J = 5.9, 3.6 Hz), 6.99 (t, 2H, J = 6.3 Hz), 6.95 
(dd, 1H, J = 6.0, 3.6 Hz), 6.82 (t, 1H, J = 8.2 Hz), 6.54 (dd, 1H, J = 7.4, 0.4 Hz), 6.53 
(dd, 1H, J = 7.4, 0.4 Hz); 13C NMR (150 MHz, CDCl3): δ (ppm) 189.59, 147.30, 147.03, 
145.13, 145.03, 135.39, 131.80, 127.36, 127.32, 124.83, 124.75, 123.70, 119.60, 117.89, 
117.07, 115.56, 113.80, 111.62, 111.27; MS (FAB+): m/z 301 (M+); IR (KBr, cm−1): 
3071(w), 2827(w), 2746(w), 1686(s), 1624(w), 1599(s), 1509(s), 1491(s), 1475(s), 
1462(m), 1437(m), 1356(s), 1337(s), 1285(m), 1258(m), 1115(m), 1045(w), 1032(w), 
976(w), 829(w), 816(w), 768(w), 741(m), 712(w); Anal. Calcd. for C19H11NO3: C, 





























A mixture of compound 18 (700 mg, 2.32 mmol), pyridinium p-toluenesulfonate 
(PPTS, 175 mg, 0.697 mmol), and 2,3-diamino-2,3-dimethylbutane (540 mg, 4.65 
mmol) in dry 1,2-dichloroethane (70 mL) was refluxed overnight under nitrogen. The 
reaction mixture was poured into water and extracted with dichloromethane. The 
organic phase was washed with water and saturated brine, and dried over anhydrous 
sodium sulfate. The solvent was removed under reduced pressure to give 19 as yellow 
powder (928 mg, quant.). This compound was used in the next step without further 
purification. 
 
19; C25H25N3O2; MW 399.48; yellow powder; mp 90−91 °C; 1H NMR (400 MHz, 
CDCl3): δ (ppm) 7.34−7.25 (m, 2H), 7.16−7.06 (m, 2H), 6.97−6.81 (m, 3H), 6.73 (t, 1H, 
J = 8.0 Hz), 6.48 (d, 2H, J = 8.0 Hz), 5.08 (s, 1H), 1.80 (s, 2H), 1.19 (s, 6H), 1.12 (s, 
6H); 13C NMR (150 MHz, CDCl3): δ (ppm) 146.88, 146.83, 145.28, 145.27, 139.79, 
129.19, 128.07, 123.52 (2C), 123.20, 121.45, 120.84, 117.33, 115.48, 114.48, 114.37, 
111.05, 110.96, 72.53, 62.77, 25.40, 23.56; IR (KBr, cm−1): 3402(w), 2968(m), 2870(w), 
1620(w), 1607(w), 1514(s), 1491(s), 1475(s), 1340(s), 1286(m), 1248(m), 1225(m), 
1117(w), 1043(m), 1028(w), 829(w), 770(w), 746(m), 718(w), 538(w); HRMS (FAB+): 
































A dichloromethane solution (8 mL) of m-chloroperbenzoic acid (MCPBA, 330 mg, 
1.32 mmol) was added dropwise to a mixture of dichloromethane solution (8 mL) of 
compound 19 (200 mg, 0.501 mmol), and saturated sodium hydrogen carbonate (4 mL) 
at 20 oC with stirring. After stirring for 1 h, a solution of sodium periodate in water (160 
mg, 0.748 mmol in 2 mL) was added and stirred for 1 h. The reaction mixture was 
poured into water, extracted with dichloromethane. The organic phase was washed with 
water and saturated brine, dried over anhydrous sodium sulfate. The solvent was 
removed and the residue was purified by basic aluminium oxide column 
chromatography with toluene as an eluent. The solvent was removed to give DOTNN as 
a green powder (126 mg, 65%). Pure sample was obtained by recrystallization from 
acetonitrile. 
 
DOTNN; C25H22N3O4; MW 428.46; green powder; mp (decomp.) ca. 197 °C; EPR g = 
2.0065 (ν0 = 9.4158 GHz, aN = 0.747 mT in toluene at room temperature); MS (FAB+): 
m/z 428 (M+); IR (KBr, cm−1): 3092(w), 2986(w), 1622(w), 1599(m), 1499(s), 1474(s), 
1416(m), 1385(m), 1348(s), 1335(s), 1310(m), 1290(m), 1251(m), 1225(m), 1138(w), 
1115(w), 1045(w), 1034(w), 868(w), 831(w), 775(w), 750(w); Anal. Calcd. for 

























TOT (2.0 g, 6.96 mmol) was suspended in dry 1,4-dioxane (140 mL) under nitrogen. 
Dry N,N-dimethylformamide (54 mL) and phosphoryl chloride (65 mL) were added, 
respectively. The reaction mixture was refluxed for 2 h. After cooling to room 
temperature, the reaction mixture was poured into 10% aq. sodium hydroxide, extracted 
with dichloromethane. The organic phase was washed with water and saturated brine, 
dried over anhydrous sodium sulfate. The solvent was removed and the residue was 
passed through a short silica gel column with dichloromethane. After evaporation of the 
solvent, the residue was absorbed on silica gel with dichloromethane, purified by silica 
gel column chromatography with toluene as an eluent. The solvent was removed to give 
20 as an orange powder (1.53 g, 70%). Pure sample was obtained by recrystallization 
from toluene. 
 
20; C19H9NO4; MW 315.28; orange powder; mp 292−293 °C; 1H NMR (400 MHz, 
CDCl3): δ (ppm); 9.63 (s, 1H), 6.90 (s, 2H), 6.72 (t, 2H, J = 8.2 Hz), 6.45 (dd, 2H, J = 
8.2, 1.1 Hz), 6.43 (dd, 2H, J = 8.2, 1.1 Hz); MS (FAB+): m/z 315 (M+); IR (KBr, cm−1): 
1692(s), 1622(w), 1589(m), 1529(s), 1516(s), 1485(s), 1472(s), 1367(s), 1346(m), 
1294(m), 1263(s), 1111(m), 1076(w), 1028(w), 1015(w), 976(w), 762(w), 700(w); Anal. 

































A mixture of compound 20 (500 mg, 1.59 mmol), pyridinium p-toluenesulfonate 
(PPTS, 120 mg, 0.478 mmol), and 2,3-diamino-2,3-dimethylbutane (368 mg, 3.17 
mmol) in dry 1,2-dichloroethane (50 mL) was refluxed overnight under nitrogen. The 
reaction mixture was poured into water and extracted with dichloromethane. The 
organic phase was washed with water and saturated brine, and dried over anhydrous 
sodium sulfate. The solvent was removed under reduced pressure to give 21 as yellow 
powder (656 mg, quant.). This compound was used in the next step without further 
purification. 
 
21; C25H23N3O3; MW 413.47; yellow powder; mp 178−179 °C; 1H NMR (400 MHz, 
CDCl3): δ (ppm) 6.72 (s, 2H), 6.68 (t, 2H, J = 8.2 Hz), 6.44 (d, 4H, J = 8.2 Hz), 4.96 (s, 
1H), 1.82 (s, 2H), 1.16 (s, 6H), 1.09 (s, 6H); 13C NMR (100 MHz, CDCl3): δ (ppm); 
142.37, 142.30, 141.99, 140.61, 123.37, 116.83, 115.68, 111.32, 111.20, 109.41, 72.46, 
62.74, 25.34, 23.55; IR (KBr, cm−1): 3404(w), 2970(m), 2874(w), 1624(m), 1599(w), 
1510(s), 1485(s), 1470(s), 1358(m), 1256(m), 1070(m), 1022(m), 754(m), 700(w), 


































A dichloromethane solution (20 mL) of m-chloroperbenzoic acid (MCPBA, 496 mg, 
1.98 mmol) was added dropwise to a mixture of dichloromethane solution (20 mL) of 
compound 21 (329 mg, 0.796 mmol), and saturated sodium hydrogen carbonate (10 
mL) at 20 oC with stirring. After stirring for 1 h, a solution of sodium periodate in water 
(255 mg, 1.19 mmol in 2 mL) was added and stirred for 1 h. The reaction mixture was 
poured into water, extracted with dichloromethane. The organic phase was washed with 
water and saturated brine, dried over anhydrous sodium sulfate. The solvent was 
removed and the residue was purified by basic aluminium oxide column 
chromatography with toluene as an eluent. The solvent was removed to give TOTNN as 
a brown powder (202 mg, 58%). Pure sample was obtained by recrystallization from 
acetonitrile. 
 
TOTNN; C25H20N3O5; MW 442.44; brown fine needles; mp (decomp.) ca. 235 °C; EPR 
g = 2.0066 (ν0 = 9.4159 GHz, aN = 0.743 mT in toluene at room temperature); MS 
(FAB+): m/z 442 (M+); IR (KBr, cm−1): 3098(w), 2980(w), 1618(m), 1597(w), 1537(m), 
1508(s), 1472(s), 1418(s), 1387(s), 1362(s), 1344(s), 1273(m), 1256(m), 1200(w), 
1138(w), 1074(m), 1065(m), 1032(m), 1016(w), 876(w), 756(m), 702(w); Anal. Calcd. 





Syntheses of TOTNN·+MCl4− (M = Ga, Fe) 
CH2Cl2-CH3CN





























The following procedure was carried out in a glove box. To a solution of TOTNN 
(50.2 mg, 0.113 mmol) in dichloromethane (12 mL) was added a suspension 
TH·+FeCl4− (48.8 mg, 0.118 mmol) in acetonitrile (24 mL) at room temperature. After 
stirring for 30 min, the solvent was removed under reduced pressure. The residue was 
dissolved in a minimum amount (2.5 mL) of acetonitrile. Then, diethyl ether (7 mL) 
was added into the acetonitrile solution. The flask was placed in a larger bottle 
containing diethyl ether. The bottle was capped and kept at room temperature for 2 days 
to give single crystals suitable for X-ray structure analysis. TOTNN·+FeCl4− was 
obtained as deep green blocks (69 mg, 95% yield). 
 
TOTNN·+FeCl4−: C25H20Cl4FeN3O5; MW 640.10; deep green blocks; mp ca. 184 °C 
(decomp.); MS (FAB+): m/z 442 [C25H20N3O5+], (FAB−): m/z 198 [FeCl4−]; IR (KBr, 
cm−1): 3076(w), 2991(w), 1589(s), 1501(s), 1485(m), 1445(m), 1404(m), 1373(m), 
1273(m), 1167(w), 1136(w), 1082(m), 1070(m), 1045(m), 1030(w), 864(w), 781(m), 
725(w); Anal. Calcd. for C25H20Cl4FeN3O5: C, 46.91; H, 3.15; N, 6.56. Found: C, 46.95; 
H, 3.07; N, 6.48. 
 
TOTNN·+GaCl4− 
The following procedure was carried out in a glove box. To a solution of TOTNN 
(50.1 mg, 0.113 mmol) in dichloromethane (12 mL) was added a suspension 
TH·+GaCl4− (49.6 mg, 0.115 mmol) in acetonitrile (24 mL) at room temperature. After 
stirring for 30 min, the solvent was removed under reduced pressure. The residue was 
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dissolved in a minimum amount (3 mL) of acetonitrile. Then, diethyl ether (7 mL) was 
added into the acetonitrile solution. The flask was placed in a larger bottle containing 
diethyl ether. The bottle was capped and kept at room temperature for 2 days to give 
single crystals suitable for X-ray structure analysis. TOTNN·+GaCl4− was obtained as 
deep green blocks (64 mg, 87% yield). 
 
TOTNN·+GaCl4−: C25H20Cl4GaN3O5; MW 653.98; deep green blocks; mp ca. 189 °C 
(decomp); MS (FAB+): m/z 442 [C25H20N3O5+], (FAB−): m/z 211 [GaCl4−]; IR (KBr, 
cm−1): 3072(w), 2989(w), 1589(s), 1501(s), 1485(m), 1445(m), 1404(m), 1373(m), 
1273(m), 1167(w), 1134(w), 1082(m), 1070(m), 1045(m), 1030(w), 860(w), 795(m), 
727(w); Anal. Calcd. for C25H20Cl4GaN3O5: C, 45.91; H, 3.08; N, 6.43. Found: C, 




(1) Hirel, C.; Vostrilova, K. E.; Pecaut, J.; Ovcharenko, V. I.; Rey, P. Chem. Eur. J. 















List of publications 
 
1. Kuratsu, M.; Kozaki, M.; Okada, K. 
Chem. Lett. 2004, 33, 1174−1175. 
“Synthesis, Structure, and Electron-Donating Ability of 
2,2′:6′,2″-Dioxatriphenylamine and Its Sulfur Analogue” 
 
2. Kuratsu, M.; Kozaki, M.; Okada, K. 
Angew. Chem., Int. Ed. 2005, 44, 4056−4058. 
“2,2′:6′,2″:6″,6-Trioxytriphenylamine: Synthesis and Properties of the Radical 
Cation and Neutral Species” 
 
3. Kuratsu, M.; Suzuki, S.; Kozaki, M.; Shiomi, D.; Sato, K.; Takui, T.; Okada, K. 
Inorg. Chem. 2007, 46, 10153−10157. 





1. Okamoto, T.; Kuratsu, M.; Kozaki, M.; Hirotsu, K.; Ichimura, A.; Matsushita, T.; 
Okada, K. 
Org. Lett., 2004, 6, 3493−3496. 
“Remarkable Structure Deformation in Phenothiazine Trimer Radical Cation” 
 
2. Okada, K.; Beppu, S.; Tanaka, K.; Kuratsu, M.; Furuichi, K.; Kozaki, M.; Suzuki, 
S.; Shiomi, D.; Sato, K.; Takui, T.; Kitagawa, Y.; Yamaguchi, K. 
Chem. Commun., 2007, 2485−2487. 
“Preparation, structure, and magnetic interaction of a Mn(hfac)2-bridged 
[2-(3-pyridyl)(nitronyl nitroxide)-Mn(hfac)2]2 chain complex” 
 
3. Namikawa, T.; Kuratsu, M.; Kozaki, M.; Matsushita, T.; Ichimura, A.; Okada, K.; 
Yoshimura, A.; Ikeda, N.; Nozaki, K. 
J. Photochem. Photobiol. A-Chem., 2007, in press. 






The author would like to express his gratitude to Professor Keiji Okada for his 
various hearty leading and encouragement throughout the course of this work. The 
author gratefully acknowledges to Associate Professor Masatoshi Kozaki for his 
valuable advice and suggestions. The author expresses his special thanks to Assistant 
Professor Shuichi Suzuki for his helpful advice and suggestions. 
The author would like to declare his gratitude to Professor Takeji Takui, Professor 
Kazunobu Sato, and Associate Professor Daisuke Shiomi for guidance, expert advice, 
valuable discussion, and technical assistance on magnetic measurement. 
The author is deeply grateful to Associate Professor Yuji Miyazaki (Osaka 
University) for heat capacities, and to Associate Professor Keiji Shinoda (Osaka City 
University) for XRD. 
The author thanks all members of analysis center for their NMR measurements, MS 
measurements, and elemental analyses and also all members of the Laboratory for 
Physical Organic Chemistry for their helpful discussions and kind friendships. 
The author appreciates permission to use some figures, tables, and parts of the text 
from the American Chemical Society and the Wiley-VCH Verlag GmbH & Co. KGaA. 
The author acknowledges financial support from the Japan Society for the Promotion 
of Science (JSPS Research Fellowships for Young Scientists). 
Finally, the author expresses his utmost gratitude to his family for their helpful advice 
and encouragement. 
January 2008 
Masato Kuratsu 
 109
